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Abstract
Transient searches in radio astronomy have discovered some of the most extreme
astrophysical phenomena in our universe. This has enabled us to study the physics
of these explosive and dynamic sources. Most of the transient searches over the past
70 years have been at frequencies higher than 100 MHz leaving the transient sky
below 100 MHz unexplored. The Long Wavelength Array (LWA) telescope offers an
excellent opportunity to study the transient sky below 100 MHz with its wide field
of view, high sensitivity and fast imaging at shorter timescales. This dissertation
presents the transient searches carried out using the all-sky imaging capabilities of
the LWA stations located in New Mexico (LWA1 & LWA-SV) and the Owens Valley
Radio Observatory LWA (OVRO-LWA) located in California.
During the transient searches, we focused on cosmic transients as well as atmospheric transients. Blind searches of the sky using LWA1 and LWA-SV have resulted
in the detection of a new cosmic transient source at 34 MHz. The detected transient
had a flux density of 830 Jy and 15 seconds duration. The source did not have any
optical or high energy counterparts and the origin of this source is still a mystery.

vii
The plasma trails left by bright meteors entering the Earth’s atmosphere produce
radio emission known as meteor radio afterglows (MRAs). We used the LWA1 and
LWA-SV stations to search for co-observed MRAs. The luminosity measurements of
32 co-observed MRAs from the two stations revealed their isotropic radiation pattern.
The new broadband imager at LWA-SV can make broadband spectral measurements
of radio sources. The spectra of 86 MRAs collected with the broadband imager were
used to study the correlation between spectral parameters and physical properties
of MRAs. However, we do not observe any strong correlation between the spectral
parameters and physical properties. The OVRO-LWA can provide higher angular
resolution images of the sky compared to LWA1 and LWA-SV. The data collected
from OVRO-LWA are used to search for high resolution observations of cosmic transients and MRAs. These observations of MRAs can provide some insights into their
emission mechanism by probing the small scale plasma structures within the meteor
trail.
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Chapter 1
Introduction

1.1

Radio Transients

Radio transients are a signpost of compact sources or extreme violent and dynamic
phenomena in our universe (e.g. gravitational events, pulsars, explosion of stars, ultrarelativistic flows, etc.). The radio emission can vary on timescales from nanoseconds
to years depending on the emission mechanism of these sources. The search for radio
variability in the past 70 years has resulted in the discovery and understanding of
some of the most extreme astrophysical events (see Figure 1.1).
Burke and Franklin (1955) detected radio emission from Jupiter using the Mills
cross antenna at the Carnegie Institute of Washington. Most of the radio emission
was detected below 38 MHz. Pulsed radio emission from neutron stars at 81.5 MHz
was discovered by Hewish et al. (1968) using the Four-acre array at the Mullard Radio
Astronomy Observatory. The pulsed emission was detected accidentally while studying the angular structure of compact radio sources. Fiedler et al. (1987) discovered
an unusual minima in the light curves of quasar 0954+685 at 2.7 and 8.1 GHz using
the Green Bank Observatory. This variability was due to extreme scattering caused
by the small-scale inhomogenites in the interstellar medium. Superluminal motion
of relativistic jets was discovered in a Galactic transient source GRS 1915+105 (a
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micro quasar) through Very Large Array (VLA) observations at 3.5 cm (Mirabel and
Rodrı́guez, 1994). Radio afterglows with timescales from weeks to months as well as
radio flares with timescales up to a day were discovered through follow-up observation
of gamma ray bursts (GRBs; Frail et al. 1997, Kulkarni et al. 1999, Taylor et al. 1998).
Another important and exciting discovery in the last 20 years is the detection of fast
radio bursts (FRBs) at 1.4 GHz using the Parkes telescope in 2007 (Lorimer et al.,
2007). These are bright, mostly extra galactic pulses with milli-second duration and
high dispersion measures (integrated electron density along the line-of-sight). Zauderer et al. (2011) discovered the birth of relativistic jet flows associated with tidal
disruption of a star and subsequent accretion onto the central supermassive black
hole. The tidal disruption event was discovered through VLA follow-up observations
of X-ray event Swift J164449.31573451. The recent detection of the neutron star
merger event (GW170817) in 2017 through gravitational wave observations by the
LIGO and Virgo colloborations initiated a wide campaign across the electromagnetic
spectrum (Abbott et al., 2017). This resulted in the first detection of electromagnetic counterparts across all wavelengths for this gravitational wave event. In the
radio campaigns, the afterglow was first detected 16 days after the time of the merger
through VLA observations at 3 and 6 GHz (Abbott et al., 2017).
Radio transients can be broadly classified into incoherent and coherent sources.
The spectral luminosity of a spherical radio source with radius r in the Rayleigh-Jeans
regime of the blackbody spectrum is given by
Lν =

2kB T ν 2
4πr2 ,
2
c

(1.1)

where Lν is the spectral luminosity of the source, ν is the observed frequency, kB is the
Boltzmann constant and T is the temperature of source. The brightness temperature
of the source TB can then be written as
TB =

L ν c2
,
2kB ν 2 4πr2

(1.2)

Incoherent radio sources typically have TB ≤ 1012 K in their steady state due to
synchrotron self absorption and inverse Compton scattering (Kellermann and PaulinyToth, 1969). In this mechanism, individual electrons radiate energy independently
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Figure 1.1: Plot showing some of the major radio transient discoveries over the last
70 years (adapted from Fender et al. 2015).

and the resulting emission will be the sum of the contribution from each electron.
These can be synchrotron emission from flaring stars to highly energetic events such
as relativistic jets in AGNs, gamma ray bursts, supernova explosions, etc. They are
associated with particle acceleration and explosive kinetic feedback into the ambient
medium (Pietka et al., 2015). The radio emission timescales vary from days to years,
and can be used to understand the degree of kinetic feedback associated with the
source. The size of the source is proportional to the timescales of the transient
source. Therefore, the physical size would be larger and the flux variability would be
slower for high luminosity sources (for keeping TB within the limit 1012 K). Using a
biased sample (not accounting the beaming of sources) of synchrotron flaring sources,
Pietka et al. (2015) have shown that
Lpeak ∝ τR5 ,

(1.3)

where Lpeak is the peak luminosity and τR is the exponential rise timescale of the
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transient (see Figure 1.2). High luminosity events have higher brightness temperature
and exponential rise time scales. Generally incoherent sources are studied by imaging
them at various epochs as they evolve slowly.

Figure 1.2: Plot showing the peak luminosity versus rising time scale for different synchrotron sources. The diagonal dotted lines (TB,min ) corresponds to a fixed brightness
temperature of the source assuming a maximum physical size, r = cτR (adapted from
Pietka et al. 2015).

Coherent sources can reach very high brightness temperature ( > 1020 K) compared to incoherent sources. In this mechanism, electrons radiate in phase and the
resultant contribution can be brighter than the incoherent emission. This includes
radio bursts from pulsars, FRBs, exoplanets, the active Sun, etc. The three main
types of coherent emission studied in astrophysical phenomena are plasma emission,
electron cyclotron maser emission and pulsar radio emission (Melrose, 2017). The
typical time scale of these events are less than a few seconds. Since the pulse duration of coherent bursts are shorter than the timescales at which the intervening
medium changes, they can be used as excellent probes to study the interstellar and
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intergalactic medium. These sources are mostly studied through high time resolution
observation of the order of nanoseconds to milliseconds. New imaging techniques
down to millisecond time scales have been able to image short duration FRBs (Marcote et al., 2020). Figure 1.3 shows the transient phase plot between the spectral

Figure 1.3: Plot of spectral luminosity versus the product of frequency and pulse
width showing the separation between coherent and incoherent sources based on the
brightness temperature. (adapted from Pietka et al. 2015).

luminosity and the product of observed frequency and width of the pulse for different classes of sources. The plot clearly shows the separation between coherent and
incoherent sources. Most of the coherent sources have high brightness temperature
greater than 1012 K. At the same time, the brightness temperature of the most luminous incoherent sources such as active galactic nuclei (AGN), blazar, quasi-stellar
object (QSO) and GRBs are over estimated due to relativistic beaming. Most of
these source pointed towards us, appear brighter due to Doppler boosting and their
measured apparent brightness temperatures are higher than 1012 K (Pietka et al.,
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2015).

Most of the discussion on transients so far have been focused on galactic and
extragalactic transients. There are many interesting transient phenomena that occur
in our own atmosphere which can be studied with low frequency telescopes. For
example, lightning in our atmosphere produces broadband bursts at low frequencies
and they can be used as natural sources to study the ionosphere (Malins et al., 2019,
Obenberger et al., 2018). Another interesting atmospheric transient event is the
reflection and emission from meteor trails. More information on recent searches for
transients through high time resolution observations and imaging surveys are given
in Chapter 2. The next two section will focus on meteors, associated radio afterglows
which were detected in 2014 using the Long Wavlength Array (LWA) and the efforts
so far to characterize the radio emission.

1.2

Meteors

Solid particles in the solar system penetrate our atmosphere when their orbit intersects with Earth’s orbit. These particles ablate and ionize in our atmosphere due to
air friction and produce light. This phenomena is known as meteors and the particles
large enough to produce meteors are known as meteoroids. The incoming velocities
of meteors are between 11.2 - 72.8 km/s, and the minimum size of a meteoroid particle is 0.01 mm. The origin of the meteoroid population is mostly associated with
comets, asteroids and, possibly, relic particles from the formation of planetary bodies
(Ceplecha et al., 1998). Depending on the direction of meteoroid streams, they can
be classified as meteor showers (belonging to a particular asteroid or comet stream)
or sporadic meteors (random and not originating from a shower).
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Interaction of Meteoroid with the Atmosphere

The different stages in which an incoming meteoroid particle interact with the atmosphere are preheating, ablation, dark flight and impact (Ceplecha et al., 1998). This
interaction depending on the mass and velocity of meteoroid can give rise to meteors, fireballs, bolides, meteorite falls, explosive impacts and meteoric dust particles.
Figure 1.4 demonstrates the various stages of meteor entry in the atmosphere giving
rise to different phenomena at each stages.

Figure 1.4: Plot showing the trajectory of a meteoroid from outer space to the Earth’s
surface. Different possible stages of meteoroid interaction with Earth’s atmosphere
are shown. The phenomenon produced at each stage and their timescales are shown.
(adapted from Ceplecha et al. 1998)

The orbital motion of meteoroids in the solar system is mostly determined by the
gravity of the Sun. The meteoroid’s orbits collide with Earth’s orbit either as a stream
or sporadic particles. The preheating stage starts when meteoroid particles reach
heights between 100-300 km. In this stage, the surface temperature of the particle
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increases very rapidly without heating up the interior. This stage last for tens of
seconds and surface temperature can reach up to 900 K. Next is the ablation stage in
which removal/loss of meteoroid particles takes place in the form of solid fragments,
liquid droplets or a hot gas. The ablation process starts with the fragmentation and
ends with the evaporation of the meteoroid. The surface temperature of a meteoroid
increase above 2200 K at 100 km heights. The hot gas vapors from the sublimated
surface surrounds the meteoroid body. The slow de-excitation of the hot exited gas
vapor atoms will radiate energy and we can observe them as meteors for several
seconds. Meteors brighter than Venus are called meteoritic fireballs and fireballs that
detonate in the atmosphere are known as bolides. The typical size of meteoroids
producing meteors lie between 0.05 mm - 20 cm (Ceplecha et al., 1998).
The kinetic energy of the incoming meteoroid is dissipated for ablation as well as
the deceleration of the body. Most of the time, the majority of the kinetic energy goes
into ablation. In the case of large bodies, a significant amount of kinetic energy goes
into the deceleration of the meteoroid. If the size of the meteoroid (with a velocity
of 15 km/s) is greater than 20 cm, then the whole meteoroid will not be ablated
completely before reaching a critical speed of 3 km/s (Ceplecha et al., 1998). At
this speed, kinetic energy will not be enough for ablation or heating resulting in the
termination of light and the remanant mass will fall freely. This stage is called the
dark flight and usually lasts several minutes before impacting the Earth’s surface as
meteorites. In this stage, meteoroids undergo fast cooling and a thin crust is formed
on the surface by the solidification of melted layers. Finally in the impact stage,
free falling meteoroids in dark flight will impact the Earth’s surface with velocities
between 10-100 m/s for 10 g - 10 kg masses, forming small pits on the surface.
If the size of the meteoroid is larger than several meters, the very high kinetic
energy will not be dissipated by ablation and deceleration. In that case, the meteoroid
will not be slowed down and it will impact the Earth’s surface with a few km/s
velocities. This will lead to the the formation of craters and they are known as
explosive impacts. At the same time, if the size of a meteoroid particle is of the
order of micrometers, it will never reaches the ablation stage. These particles known

Chapter 1. Introduction

9

as micrometeorites or meteoritic dust particles which slowly produce sediment on
Earth’s surface (Bronshten, 1983, Sugar, 1964).
Meteoroids upon their entry in the atmosphere produce long columns of ionized
plasma (McKinley, 1961, Sugar, 1964). These ionized plasma trails can reflect signals
from a transmitter if the incoming signal frequency is less than the plasma frequency
of the trail. These are known as meteor scatter events and they are widely used
to study meteors as well as used for radio communication (McKinley, 1961, Sugar,
1964). More information on meteor scatter events is given in Chapter 2.

1.3

Meteor Radio Afterglows (MRAs)

The ionized columns of plasma left by large and bright meteors in the lower regions of
ionosphere can produce radio emission at Very High Frequency (VHF; 3-30 MHz) and
Ultra High Frequency (UHF; 30-300 MHz) bands known as meteor radio afterglows
(MRAs). Obenberger et al. (2014a) discovered MRAs while hunting for low frequency
prompt emission from Gamma Ray Bursts (GRBs) using the LWA All-sky Imager
(LASI) at LWA1. The study reported two Fast Rise/Exponential Decay (FRED)
transient candidates at 37.9 MHz which were not associated with GRBs. Both of them
had kilo Jansky (1 Jy = 1 Jansky = 10−26 Wm−2 Hz−1 ) flux densities and durations
greater than a minute (Obenberger et al., 2014a). Further follow-up observation
with LASI over 11,000 hours detected 49 transients with most being spatially and
temporally correlated with fireballs (bright meteors). The detected emission was
non-thermal, unpolarized, with characteristic light curve patterns with a fast rise up
to 20 s and a slow decay lasting up to a few minutes (Obenberger et al., 2014b).
Figure 1.5 shows an image of an elongated MRA and the representative light curve
pattern of these events.
The comparison of the detected radio transients with meteor events from the
NASA All Sky Fireball Network revealed the spatial and temporal correlation between
meteors and MRAs. The radio afterglow occurs within seconds after the optical
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Figure 1.5: (Left) Image of radio emission from a bright fireball trail which covered
92 degrees across the sky. The sky below 25 degrees from the horizon is masked in
the image. (Right) Light curves of typical MRAs showing a fast rise and slow decay.
Zero on the x axis denotes the peak time of MRAs. The green curve on the top shows
the light curve of an event with 1 sec cadences and the bottom curves are the ones
with 5 sec cadences (adapted from Obenberger et al. 2014b).

activity of meteors. The top panel of Figure 1.6 shows the detection of a fireball from
the NASA All Sky Fireball Network station in Mayhill, NM and the detection of an
associated radio afterglow emission in LWA1. In the bottom panel of Figure 1.6, the
number of MRAs are plotted as a function of day in a year. The peak of detections are
clearly aligned with the peak times of meteor showers in North America suggesting
strong correlation between MRAs and meteor showers.
The narrow bandwidth of the LASI images does not provide spectral information
of MRAs. The phased array/ beamforming mode of LWA has a smaller field of view
compared to the all-sky mode, but it can make measurements of the sky in any
direction with higher time resolution and a bandwidth up to 36 MHz. In order to
study the spectral nature of MRAs, two seperate campaigns were conducted with the
beamformed mode (Obenberger et al., 2015b, 2016a). This resulted in the detection
of 4 MRAs providing the dynamic spectra of these sources. The observed broadband
radio emission between 20-60 MHz was smooth, steep and the flux density followed
a power law dependence on frequency (Obenberger et al., 2015b, 2016a). Fig 1.7
shows the dynamic spectra of 2 MRAs collected in the second campaign along with
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Figure 1.6: Top left plot shows the optical image of a fireball event marked by a red
rectangle from the NASA All Sky Fireball Network station in Mayhill, NM. The top
right plot shows the corresponding radio afterglow emission in LWA1. The red point
on the LWA1 image denotes the final positon of the optical meteor. The bottom
plot shows the comparison of MRAs with the peak dates of known meteor showers in
North America (adapted from Obenberger et al. 2014b).

a flux density plotted as a function of frequency showing steep and smooth spectra
(Obenberger et al., 2016a).
The emission mechanism of MRAs is not well understood. Obenberger et al.
(2015b) proposed that the generation of Langmuir waves (plasma oscillations) within
the electron density gradients of the meteor trails and their subsequent conversion
to electromagnetic waves can give rise to MRAs. Depending on the electron density
within the trail, the MRA occurs in a range of plasma frequencies given by
s
ωp =

ne e 2
,
mε0

(1.4)

where ne is the electron density, e is electron charge, m is the electron mass and ε0 is
the permittivity of free space. The electrons in the plasma experience a high rate of
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Figure 1.7: (Left) Dynamic spectra of 2 MRAs from Obenberger et al. 2016a showing
broadband emission between 20-40 MHz. (Right) Plot between flux density and
frequency fitted with a power law (adapted from Obenberger et al. 2016a).

collision with the neutral atoms and ions at lower altitudes in the atmosphere. The
electrons produced in the initial ablation and ionization will thermalize faster due to
the collision with neutral atoms and ions. In order to observe MRAs, the plasma
frequency has to be greater than the collision frequency of electrons with neutral
atoms and ions. Obenberger et al. (2016b) measured a cutoff altitude of ∼ 90 km
presumably below where the collision frequency of electrons with neutral and ions
dominates the plasma frequency and emission is suppressed. The study utilized radio
observations from LWA1 as well as optical observations from video cameras in New
Mexico and Arizona. Figure 1.8 shows the expected number of bright meteors as a
function of elevation with the distribution of observed MRAs. The MRAs follow the
expected number of meteors above 90 km and there is a strong decline in the number
of MRAs below 90 km (Obenberger et al., 2016b).
MRAs observed on minute time scales require a source of hot/suprathermal elec-

Chapter 1. Introduction

13

Figure 1.8: Blue curve shows the expected number of optical meteors as a function
of elevation. Red histograms denote the MRA observations from LWA1 as a function
of elevation (adapted from Obenberger et al. 2016b).

trons to drive the plasma instability for longer time scales. A recent study using
second LWA station, LWA-SV, and an optical camera at LWA-SV has identified the
source of hot electrons and more details of this hot electron source is discussed in
Chapter 4.

1.4

Long Wavelength Array

The Long Wavelength Array (LWA) is a low frequency telescope located in Central
New Mexico operating between 10-88 MHz. LWA is planning to achieve arcsecond
resolution at these frequencies through long baseline interferometry using dozens of
stations across the southwest. Currently LWA has two stations, the first station LWA1
(Taylor et al., 2012) and the second station LWA-Sevilleta (LWA-SV; Cranmer et al.
2017). LWA1 is located on the Plains of San Augustin close to the Very Large Array
(VLA) radio observatory operating 50 miles West of Socorro, New Mexico. LWA-SV
is located 75 km North-East of LWA1 at the Sevilleta National Wildlife Refuge 20
miles North of Socorro. Figure 1.9 shows the aerial view of both stations. Each
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Figure 1.9: (Left) shows LWA1 with array of dipole antennas and shelter containing
electronics. VLA dishes and antenna assembly building can be seen in the background
(adapted from Taylor et al. 2012). (Right) shows the LWA-SV station (picture courtesy: Paul Harden).

station consists of 256 dipole antennas arranged pseudo randomly in an elliptical
fashion with axes 100 m along East-West and 110 m along North-South directions.
The distribution of dipoles are elongated in the North-South direction to achieve
better lobe symmetry while observing lower declination source such as the Galactic
center. The voltages collected from the dipoles are sent to the receivers in the shelter.
The two primary operation modes for both stations are beamforming and the
“transient buffers”. However, due to a different backend used in the receiver, the
functional capabilities of the two modes in each station is different. The receiver
system in LWA1 consists of an analog reciever (similar to LWA-SV) and a digital
processing (DP) unit. The DP system was designed by the NASA Jet Propulsion
Laboratory (JPL). DP carries out further processing of the digitized signals to conduct
beamforming and imaging of the sky using field programmable gate array (FPGA)
boards. The signals collected from each antenna can be time delayed and added
coherently to form a beam which can be pointed in any direction in the sky. Using
LWA1, 4 such independent beams can be formed, each with two tuning frequencies and
20 MHz bandwidth per tuning. In additional, the digitized voltages from the antennas
can be collected in the narrow band mode and the wideband mode. In the transient
buffer narrowband (TBN) mode, the voltages from each antenna are collected at 100
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KHz bandwidth. Later these voltages are sent to the LWA All Sky Imager (LASI) to
cross correlate the signals. The cross correlated signals are converted to an image of
the sky every 5 seconds using the Common Astronomy Software Applications (CASA;
McMullin et al. 2007). At the same time, the images of the sky are uploaded to
LWA-TV website (http://www.phys.unm.edu/~lwa/lwatv.html). In the transient
buffer wideband (TBW) mode, the signal from each antenna is collected at the full
bandwidth (78 MHz) of the station for 61 ms every 5 minute, the time it takes to
write out the data to the disk which limits the duty cycle.
LWA-SV, on the other hand, uses a commercially available back end. It utillizes
the Reconfigurable Open Architecture Computing Hardware (ROACH2) FPGA to
provide complex spectra (25 kHz channels with a time resolution of 40 micro seconds)
to the Advanced Digital Processor (ADP). The ADP consists of 7 dual GPU servers
which collect the complex spectra for further processing. The ADP can form 2 beams,
each with 2 tunings and 20 MHz bandwidth per tuning. Similar to LWA1, the TBN
mode is used in LWA-SV to generate 100 kHz bandwidth all-sky images using LASI.
One of the important upgrades of the system is that ADP can cross correlate the
signals from all antennas at 20 MHz bandwidth. The Orville Imager, a new broadband
imager, can collect the correlated data from ADP and convert them to an all-sky
image every 5 seconds (for more details, see Dowell et al. 2020). This produces higher
sensitivity images compared to LASI that are used for the work presented in Chapter
4. Also, similar to the TBW mode for LWA1, LWA-SV has the Transient Buffer
Frequency domain (TBF) mode which can collect 20 MHz of voltages up to 3 second
duration. This mode can be used to conduct triggered observations of short duration
bursts such as lightning.
The Owens Valley Radio Observatory LWA (OVRO-LWA) located in California
operates within the similar frequency range of LWA in New Mexico. More discussion
of the telescope and the array configuration are given in Chapter 5.
The work presented in this thesis have utilized the data products from the LASI
in both stations, Orville Imager at LWA-SV and the data from OVRO-LWA. The
all-sky images produced in the narrowband and wideband mode are excellent tools
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to study the radio transient sky.

1.5

Thesis Outline

This thesis is a compilation of transient searches carried out using LWA1, LWA-SV
and OVRO-LWA. The chapters presented are in the order of research conducted.
Chapter 2 & 3 are published articles. Chapter 4 is about to be submitted to JGR
Space Physics. Chapter 5 talks about an ongoing effort to study transients with
OVRO-LWA.
Chapter 2, taken from Varghese et al. (2019a) describes the anti-coincidence search
for cosmic transients conducted using LASI in LWA1 and LWA-SV. This study resulted in the detection of a new cosmic transient source at 34 MHz. The transient
search pipeline used in this work was developed by Dr. Kenneth Obenberger. I used
the transient pipeline to process the all-sky images from LASI in LWA1 and LWASV. I developed the methods to compare the transient output from both stations and
classify them as cosmic transients and atmospheric transients. This work utilized
10,240 hours of all-sky images from both stations to find the cosmic transient source.
Chapter 3, taken from Varghese et al. (2019b) describes the search for co-observed
MRAs to study their radiation pattern using LASI in LWA1 and LWA-SV. The search
utilized 13,771 hours of all-ky images from the two stations, resulting in the detection
of 32 MRAs and 21 meteor scatter events. This study revealed the isotropic radiation
pattern of MRAs as well as it shows a clear differentiation between emission and
scatter events from the meteor trail. It also provides some insight into the emission
mechanism of MRAs
Chapter 4, taken from Varghese et al. (2020) describes the transient searches using
the Orville broadband imager. We modified the existing pipeline for LASI to conduct
transient searches with Orville. Orville can produce 20 MHz bandwidth images which
increases the sensitivity to detect low flux density transients as well as it can make
broadband spectral measurements of sources. The analysis of 2339 hours of broadband
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all-sky images resulted in the detection of 86 MRAs. This has enabled us to conduct
a statistical analysis of the spectral parameters of MRAs and their correlation with
the physical properties. The study updates the spectral parameters which have flatter
values compared to previous observations. However, no strong correlation has been
observed between the spectral parameters and physical properties of MRAs.
Chapter 5 is based on Varghese et al. in prep and it describes an ongoing effort
to carry out transient searches with OVRO-LWA. In this work, we utilizes the higher
angular resolution all-sky images from OVRO-LWA to study cosmic transients and
MRAs. In the search for transients, we will be using MRAs to study the small scale
plasma structures within the meteor trail producing the radio emission. This will
help to identify the nature of the emission mechanism of MRAs.
Chapter 6 will conclude the findings of this thesis work and discuss the future
directions for the research.
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Chapter 2

Detection of a Low Frequency
Cosmic Radio Transient
Using Two LWA Stations

The contents of this chapter were originally published as part of Varghese et al. 2019,
ApJ, 874(2), 151

We report the detection of a potential cosmic radio transient source using the two
stations of the Long Wavelength Array. The transient was detected on 18 October
2017 08:47 UTC near the celestial equator while reducing 10,240 hours of archival
all-sky images from the LWA1 and LWA-SV stations. The detected transient at 34
MHz has a duration of 15 - 20 seconds and a flux density of 842 ± 116 Jy at LWA1
and 830 ± 92 Jy at LWA-SV. The transient source has not repeated, and its nature
is not well understood. The Pan-STARRS optical telescope has detected a supernova
that occurred on the edge of the position error circle of the transient on the same day.
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Introduction

Radio transient sources can be defined as a class of objects which emit radio waves
in the form of bursts, flares or pulses from short duration (less than a few seconds)
to long durations (greater than a few seconds). The progenitors of such sources are
usually associated with explosive or dynamic events. Probing such sources helps to
understand the physical mechanisms of these extreme energetic events (Cordes et al.,
2004). We can classify transients as extragalactic, galactic and atmospheric based on
the location of their occurrence.
Most transients have been discovered through high time resolution (less than a
second) observations and blind imaging of the sky. The high time resolution studies
at high frequencies have discovered giant pulses from the Crab pulsar at 5.5 and 8.6
GHz (Hankins et al., 2003), single dispersed bursts from rotating radio transients
(RRAT; McLaughlin et al. 2006) at 1.4 GHz and the new class of Fast Radio Bursts
at 1.4 GHz (Lorimer et al., 2007). Thirteen new FRBs have been detected between
400 - 800 MHz by the Canadian Hydrogen Intensity Mapping Experiment (CHIME)
Collaboration (CHIME/FRB Collaboration et al., 2019a,b). Several high time resolution observation campaigns have been conducted at low frequencies below 300 MHz
searching for giant pulses from pulsars, RRATs and FRBs. At low frequencies, giant
pulses from pulsars have been detected, but the detection rate is low for RRATs and
zero for FRBs (Coenen et al., 2014, Eftekhari et al., 2016, Karako-Argaman et al.,
2015, Karastergiou et al., 2015, Taylor et al., 2016). The scattering of the radio pulses
due to inhomogeneities in the medium can cause temporal smearing of the pulse to
longer durations at low frequencies. This may limit the detection of short duration
transients in the high time resolution observations. This makes fast imaging of the
sky on timescales of a few seconds a good option for capturing scatter broadened
pulses at low frequencies (Hassall et al., 2013, Rowlinson et al., 2016, Trott et al.,
2013).
In the past few decades, blind searches of the sky focused at frequencies above 300
MHz have discovered galactic center transients, bursts from ultra cool dwarfs and flare
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stars, day scale transient in Spitzer-Space-Telescope Wide-area Infrared Extragalactic
Survey (SWIRE) Deep Field: 1046+59 and 15 transients in the Molonglo Observatory
Synthesis Telescope (MOST) transient survey (Bannister et al., 2011, Hallinan et al.,
2007, Hyman et al., 2005, Jackson et al., 1989, Jaeger et al., 2012). The transient
radio sky below 300 MHz is not well studied and remains poorly explored below 100
MHz. Fast imaging techniques on shorter time scales are required to capture transient
pulses at low frequencies. The initial study of transients were limited by the narrow
field of view (FoV) of the radio instruments. With advances in technology, however,
new low frequency radio instruments have a wide field of view, increased bandwidth,
sensitivity to study the dynamic transient sky. The currently operating major low
frequency radio telescopes include the International Low-Frequency Array (LOFAR;
van Haarlem et al. 2013), the Murchinson Wide Field Array (MWA; Tingay et al.
2013) and the Long Wavelength Array (LWA; Ellingson et al. 2013, Taylor et al.
2012).
Several sources have been theorized to emit radio pulses but are yet to be detected.
This includes low frequency prompt emission from GRBs (Sagiv and Waxman, 2002,
Usov and Katz, 2000), exoplanets (Farrell et al., 1999), giant flares from magnetars
or extragalactic pulsars (McLaughlin and Cordes, 2003) and annihilating black holes
(Rees, 1977). Recently, several observing campaigns have been carried out to image
the transient sky at low frequencies on integration time scales from 5 s to several
hours.
Carbone et al. (2016) conducted a transient search from 115-190 MHz using LOFAR with cadences between 15 min to several months. No significant transient was
found after analyzing 151 images with sensitivity greater than 0.5 Jy obtained from
2275 deg square survey area.
Stewart et al. (2016) detected a new low frequency radio transient at 60 MHz
after 400 hrs of monitoring of the North Celestial Pole (NCP) in the LOFAR Multi
Snapshot Sky Survey (MSSS). The identified transient had a flux density of 15-25 Jy
with a duration of few minutes. The transient was not found to repeat after follow-up
observations and did not have any obvious optical or high energy counterparts.
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Bell et al. (2014) carried out a transient search on characteristic time scales of 26
min and 1 year with MWA at 154 MHz covering 1430 square degree FoV. The search
did not identify any transient sources greater than 5.5 Jy in 51 images obtained from
six days of observations.
Rowlinson et al. (2016) searched for transient and variable sources using MWA at
182 MHz. No transients were detected on time scales from 28 s to 1 year with flux
density greater than 0.285 Jy.
Murphy et al. (2017) conducted a transient search on timescales from 1 to 3 year
by comparing the 147.5 MHz TIFR GMRT Sky Survey Alternative Data Release
1 (TGSS ADR1) and the 200 MHz GaLactic and Extragalactic All-sky Murchison
Widefield Array (GLEAM) survey catalogs. The search found a transient source
with a flux denisty of 182 ± 26 mJy in the TGSS ADR1 which was not present in
the GLEAM survey.
Using the first station of LWA, Obenberger et al. (2014a) detected two kilojansky
flux density transient sources while searching for low frequency prompt emission from
gamma ray bursts. These sources were detected at 37.9 MHz and 29.9 MHz with a duration of a few minutes. The transient search was carried out using the all-sky imaging
capabilities of the LWA All-Sky Imager (LASI; Obenberger et al. 2015a). Follow-up
observations with optical cameras revealed that the radio emission is temporally and
spatially associated with optical meteors (Obenberger et al., 2014b). These meteor
radio afterglows (MRA) begin to emit within a few seconds after the optical activity
and they can be classified as a new form of atmospheric transient. MRAs were studied extensively to understand the origin and energetics of the emission. The current
understanding is that these broadband, non-thermal radio sources are the result of
electromagnetic conversion of electrostatic plasma waves within the turbulent plasma
of meteor trails (Obenberger et al., 2015b).
With a detection rate of 60 MRAs per year, it is difficult to differentiate these
foreground sources with events of cosmic origin using a single LWA station. The earlier
transient studies using a single LWA station (Obenberger et al., 2014a,b) assumed
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that all unpolarized transients lasting from few seconds to few minutes duration as
MRAs. However, some of the events assumed to MRAs, might have been cosmic in
nature but there was no way to properly identify the transients not directly associated
with an optical meteor. The recent commissioning of the new LWA station at Sevilleta
National Wildlife Refuge (LWA-SV) provides a new opportunity to observe cosmic
transients. The two stations are separated by 75 km which is sufficient to differentiate
the foreground transient events like lightning, MRAs, radio frequency interference
(RFI) and low earth orbit satellites from cosmic events, while still being close enough
to share over 99% of the sky. So far LOFAR MSSS is the only low frequency survey
that has carried out the transient search close to the LASI operating frequency with
wide FoV.
In this paper, we present a two year study of all-sky images from both LWA
stations which has identified a new promising cosmic transient candidate. Sections
2.2 and 2.3 describe the observations and data reduction methodology. Section 2.4
describes the detection of cosmic transient candidate event. Section 2.5 gives an
extensive analysis of the common transient events observed in both LWA stations
and explains why one transient event is a statistically significant and a promising
candidate.
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Observation

The first station of the Long Wavelength Array (LWA1) is a low frequency radio
telescope located in central New Mexico (Taylor et al., 2012). The telescope operates
between 10 and 88 MHz frequency range and it is collocated with the Karl G. Jansky
Very Large Array (VLA). The array is comprised of 256 dual polarization dipole
antennas along with five additional outrigger antennas located at 200-500 m distance
from the center of the array. The core of the array is distributed in the form of a 100
× 110 m ellipse.
The second station, LWA Sevilleta (LWA-SV) was commissioned in November
2017 (Cranmer et al., 2017). LWA-SV is located at the Sevilleta National Wildlife
Refuge, 75 km North East of LWA1. LWA-SV has a similar layout to LWA1 and the
backend hardware has similar but not identical capabilities.
Both the stations primarily operate in two modes, digital beamforming and the
all-sky mode. In the digital beamforming mode, a time domain delay-and-sum architecture is used to form beams. The delay processed signals from each antenna can
be added to form up to 4 independently steerable dual polarization beams at any
direction in the sky. Each beam can be tuned to two central frequencies within the
operating range of the telescope with a bandwidth up to 19.6 MHz in LWA1 and 9.8
MHz in LWA-SV.
The all-sky mode takes advantage of the primary beam of a single dipole antenna
which is sensitive to the whole sky. The all-sky monitoring is done in Transient
Buffer Wide (TBW) and Transient Buffer Narrow (TBN) mode. In the TBW mode,
the voltage time series from each antenna is collected at the entire 78 MHz bandwidth
for 61 ms and it takes 5 minutes to write out the data. TBN mode collects the voltage
series time series data from each antenna continuously at 100 kHz bandwidth and can
be tuned to anywhere in the operating frequency of the stations. The collected data
is then sent to a software FX correlator (Ellingson et al., 2013).
LWA All-Sky Imager (LASI) is the back end correlator for the both LWA stations
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(Obenberger et al., 2015a). LASI cross correlates real time TBN data from each
antenna and produces an all-sky image every 5 seconds. The produced images are
uploaded to LWA TV website1 and stored in the LWA archive2 . For this work, we
have used over 10,240 hours (May 2016 - July 2018) of data recorded from each LWA
station at 34 MHz and at 38 MHz.

2.3

Data Reduction

2.3.1

Transient Pipeline

The transient search pipeline uses an image subtraction algorithm to find the transient candidate events from both stations (Obenberger et al., 2015a). In the image
subtraction process, an average of the previous 6 images is subtracted from the running image. At the same time the script masks out the bright radio sources like
Cyg A, Cas A for efficiently finding transients. The pixels with flux density greater
than 6 σ in the subtracted image are marked as transient candidates. The detection
threshold varies near the Galactic plane and has been discussed in (Obenberger et al.,
2015a). Currently the transient search is carried out on 5, 15 and 60 s integrations
in Stokes I and V.

2.3.2

Comparison of Transient Events

The pipeline outputs the time and coordinates of the transient events detected from
each LWA station. The noise of the LWA1 subtracted image measured at 38 MHz is
41 Jy at zenith and increases towards the horizon (Obenberger et al., 2015a). The
LWA-SV station is 5-10% more sensitive than the LWA1 station because it has more
fully functioning dipoles. Depending on the location of a transient event occurring
from the zenith of each station, image noise changes and leads to some time difference
1 http://www.phys.unm.edu/

~lwa/lwatv.html

2 https://lda10g.alliance.unm.edu/
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in detecting them at each station. We compare the output files from both stations to
find the associated events which occur within 30 seconds difference.
The next step is to look for cosmic transient candidates and meteor afterglow
candidates. If the angular difference between coordinates of events detected from
each station is less than 3 degrees, then it is classified as a cosmic transient candidate.
Since cosmic transient events occur at great distances compared to the 75 km baseline,
the angular direction to the event from each station would be the same. If the angular
difference is greater than 3 degrees, then it is classified as a MRA candidate. The
3 degree angular difference threshold is given in order to account for the pointing of
telescope and random errors from ionospheric disturbances. For a 75 km baseline, 3
degree angular difference corresponds to a distance of 1400 km.
The main advantage of this method is to detect common events which can be
cosmic or meteor afterglow candidates. Also at the same time it removes nearly all
the local RFI effects arising from power lines, lightning, air planes, etc. However, it
still identifies some false positive events like scintillation and radio transmitter signal
reflections from meteor trails.
The whole process of finding transients using the two stations is automated. Once
LASI collects the all-sky images for a day, the transient search pipeline processes all
the data and finds the transient candidates. At the end of each UT day, the collected
events from each station are compared, and events that are classified as either a MRA
or a cosmic transient are emailed to the authors of this study.

2.4

Cosmic Transient Candidate Detection

The radio transient candidate LWAT 171018 was detected after analyzing the archival
all-sky images from the two LWA stations. The events took place on 18 October 2017
(MJD 58044) 8:47:33 UTC in LWA-SV and 8:47:38 in LWA1. The LASI correlator
was collecting the all-sky images at 34 MHz in both stations. Each station recorded
the event in the adjacent time bins where each bin is a 5 second integration. The event
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detection in each station can be considered to be simultaneous within the uncertainty
of our measurement. The top panel in Figure 2.1 shows the Stokes I light curves of
the transient event seen from each station.
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Figure 2.1: The Stokes I light curves of the transient event LWAT 171018. The
blue light curve denotes LWA1 and the red curve denotes LWA-SV. The bottom
panel shows the subtracted image of the transient from each station. The color bar
shows the normalized pixel values in the subtracted image. Each pixel in the image
corresponds to 1.016 degrees on the sky.

There is difference in the signal to noise in both stations due to the difference in
the number of working antennas. The light curves shows that the emission lasted for
15 - 20 seconds in each station. LWA1 has recorded 7.24 σ source signal and LWA-SV
has 8.81 σ detection from the all-sky image indicating that the emission is relatively
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faint. The bottom panel in Figure 2.1 shows the subtracted image of the transient
seen from LWA1 and LWA-SV which suggest that it is a point source. There is more
noise in the LWA1 image compared to LWA-SV. The different ionosphere above each
station and the noise being added during averaging in the image subtraction may lead
to small difference in apparent source structure which is evident from the images.
The all-sky image from the time of peak emission was used to accurately measure
the flux density. The average of 10 noise-like images is subtracted from the peak flux
image to measure the peak flux density of transient and thermal noise in arbitrary
units. The thermal noise is calculated by the standard deviation from a quiet portion
of the subtracted image. The flux and noise values were calibrated using the bright
radio source Cyg A, scaling them to Jansky. The measured value of transient flux
density from the LWA1 is 842 ± 116 Jy and at LWA-SV is 830 ± 92 Jy. The calculated
error bars are thermal noise values from the peak flux image.

2.5

How to Confirm the Transient?

The presence of similar light curve patterns and close flux density values is not sufficient evidence by itself to confirm a cosmic origin. In the automated transient search
pipeline, the comparison script looks for power spikes happening in both stations
which are within a 5 s interval. The power spike at the same time in both stations
could have a number of origins. Below we examine each of the possible origins.

MRAs: The MRA events usually occur at 90 - 130 km elevation. The difference
in angular direction to the event from each station can vary from 30 to 45 degrees in
the sky as the two stations are separated by 75 km. Therefore the two station will
not record MRAs in same angular directions (Right ascension, Declination) and they
can be ruled out.
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These are mostly man made signals reflecting

off the ionosphere and meteor plasma trails. The origin of RFI seen in both stations
can be from the same or different transmitters. The reflection events are typically
bright, short in duration, highly linearly or circularly polarized and are narrow band
in frequency. Figure 2.2 shows the light curves of the event at stokes Q, U and V
from both stations. The all-sky image data is collected at 100 kHz bandwidth and the
spectrum information is not available as the measurement sets are deleted after one
month from the day of observation. This limits looking into the raw data for narrow
band RFI events. But the lack of a polarized detection in both stations suggests that
we can rule out the case of coincident RFI.
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Figure 2.2: The Stokes Q, U and V light curve of the transient event from LWA1
(left) and LWA-SV (right).

Scintillation:

Scintillation of bright radio sources by Earth’s ionosphere is a prob-

lem at lower frequencies (Obenberger et al., 2015a). The ionosphere contains magnetized plasma and density variations, which cause rapid changes in observed flux (up
to a factor of 15) and can offset the position of sources by few degrees. This effect
becomes intense for bright compact sources and at the same time sources below the
nominal detectable limit can appear above the noise floor for some period of time.
The scintillation seen in each station can be due to same or different radio sources.
In order to reduce false transient events due to scintillation, the script masks radio
sources brighter than 50 Jy from the VLA Low Frequency Sky Survey at 74 MHz
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(VLSS; Cohen et al. 2007; Lane et al. 2012). This removes a significant portion of
the sky (≈12%) but is the best way to avoid the confusion between transients and
scintillation.
A full statistical analysis determining the rates of scintillation based on sky position, flux density and source structure are beyond the scope of this paper. However,
anecdotal evidence suggests that sources as low as 10 Jy (at 74 MHz) can scintillate
to detectable levels. It is therefore helpful to calculate the probability that a random
transient will be spatially coincident with a VLSS source with flux density greater
than 10 Jy at the same LST of LWAT 171018 detection. Using a Monte Carlo simulation with 105 beams and the VLSS catalog, we estimate a 15% chance that a VLSS
source > 10 Jy will be within the position error of a random transient.
Typical scintillation light curves are characterized by random fluctuations with
several peaks appearing over a period of about 30 minutes to a few hours. The
transient search algorithm may identify these peaks as transients. While scintillating
sources often trigger a single station transient, a single source typically does not
experience a scintillation spike at both stations at the same time. However, during
periods with exceptionally high scintillation double station triggers can occur, these
triggers then show up as potential cosmic transients. In the data presented in this
paper, we have observed 18 cases of double station coincident source scintillation.
Such cases are easy to identify due to their characteristic light curves, and the fact that
they typically occur during periods of high scintillation, where many other sources
are scintillating at the same time. We have also identified one case of coincident RFI
event in both stations.
A statistical approach was required to study the nature of scintillation events and
to differentiate them from a real cosmic transient events. For this study, we chose
two cases based on their occurrence at the same time and high flux density levels.
The first case is our promising, transient event LWAT 171018. The second case is the
scintillation candidate MJD 58040. The details of all the scintillation and RFI events
are given in the Table 2.1. The nature of the unknown event in LWA1 from MJD
58238 is not clear. This could be an MRA event seen by LWA1 which was not in the
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shared sky region of LWA-SV.
Table 2.1: List of cosmic transient candidate events detected from both LWA stations
and their classification.

MJD

UTC
LWA1
LWA-SV
Kurtosis Kurtosis
Time
LWA1 LWA-SV
58019 01:42
RFI
RFI
1.153
37.438
58039 05:43 Scintillation
Scintillation
0.719
4.324
58040 05:26 Scintillation Scintillation
2.067
4.817
candidate
candidate
58044 08:47
LWAT
LWAT
0.056
0.161
171018
171018
58054 05:36 Scintillation
Scintillation
1.447
5.386
58064 15:28 Scintillation
Scintillation
132.226
17.766
58066 04:30 Scintillation
Scintillation
5.133
1.834
58067 12:33 Scintillation
Scintillation
-0.0445
1.612
58094 08:06 Scintillation
Scintillation
0.664
2.201
58102 05:32 Scintillation
Scintillation
2.537
73.111
58102 11:15 Scintillation
Scintillation
2.534
27.901
58113 06:42 Scintillation
Scintillation
0.639
5.354
58128 09:35 Scintillation
Scintillation
1.033
1.966
58174 08:31 Scintillation
Scintillation
4.282
1.191
58238 02:58
Unknown
Scintillation
0.538
73.279
58238 04:57 Scintillation
Scintillation
2.167
6.674
58238 05:01 Scintillation
Scintillation
4.779
3.721
58341 10:25 Scintillation
Scintillation
0.672
2.177
58356 17:14 Scintillation
Scintillation
0.675
1.449

Four methods are used here to analyze the scintillation candidate MJD 58040 and
LWAT 171018 to understand their significance.
The first method is to look at the light curves of the events from each station as
well as the averaged light curves. For a light curve with a Gaussian noise, averaging
of the light curves from both stations will increase the signal to noise ratio for a real
signal.
Figure 2.3 shows the light curves from each station and their average for LWAT
171018. In the light curves, the event is defined as the time from 10 s before and after
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the peak flux point which is denoted as zero second. Noise is defined as all the points
in light curve other than the event. The light curves from each station has Gaussian
noise and similar peak flux density at the same time. The SNR ratio has increased
significantly in the averaged plot curves. Figure 2.4 shows the light curves from the
scintillation candidate MJD 58040. In the light curves plots, the noise is fluctuating
with random peaks over the course of more than an hour. Adding the light curves
from both stations has increased the SNR ratio for the scintillation candidate MJD
58040. Even though the SNR ratio has increased, the light curves still has random
fluctuations as high as the peak signal.
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Figure 2.3: Plot showing the light curves of LWAT 171018 on a longer time axis. The
first top panel shows the light curve of event from LWA1 with SNR = 5.28. The
middle panel shows the light curve from LWA-SV with SNR = 8.44. The bottom
panel shows the average light curve from both stations with an improved SNR =
9.18. The time zero denotes the peak time of the event.

Figure 2.5 shows the scattered plot of the transient flux density for LWAT 171018
and scintillation candidate MJD 58040 from each station. The plots gives a good
estimate of the statistical significance based on the distribution of noise and peak
flux for each cases. For LWAT 171018, the noise distribution is clustered and the
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Figure 2.4: Plot showing the light curves of the scintillation candidate MJD 58040
on a longer time axis. The first top panel shows the light curve of event from LWA1
with SNR = 4.25. The middle panel shows the light curve from LWA-SV with SNR
= 4.88. The bottom panel shows the average light curve from both stations with a
SNR = 6.42. The time zero denotes the peak time of the event.
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Figure 2.5: Scattered plot of the flux density from both stations of LWAT 171018
(left) and scintillation candidate MJD 58040 (right). The event is defined as the time
from 10 s before and after the peak flux point which is denoted as zero second in the
light curve. Noise is defined as all the points in light curve other than the event. The
red points denote the noise and blue points indicate the transient event.
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Figure 2.6: Histogram plot of the transient event LWAT 171018 (top) and scintillation
candidate MJD 58040 (bottom) from the light curves of LWA1, LWA-SV and their
average. The green bars show the noise which is fitted with a Gaussian distribution.
The blue bars denote the transient event. The calculated SNR ratio is shown on the
title of each histogram.

transient event is well separated from noise suggesting that it is significant. But for
scintillation candidate MJD 58040, the noise has a scattered distribution and the
transient event is immersed in the noise.
Figure 2.6 shows the histogram plots made from the light curves of LWAT 171018
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and scintillation candidate MJD 58040 respectively. The histograms fitted with Gaussian profile provide a better picture to understand the distribution of noise and the
transient event. The noise is more or less Gaussian in both histograms. The LWAT
171018 is well separated from noise where it is not in scintillation candidate MJD
58040 as the tail of the Gaussian fit goes to higher flux density values.
The analysis of two events based on the light curve pattern, scatter plots, histograms and SNR ratio suggest that the LWAT 171018 is significant and different
from the scintillation candidate MJD 58040. Furthermore, it also demonstrates that
the LWAT 171018 observed by two stations is not a coincident random spurious signal
but a real one.
In order to characterize the scintillation better, an index or a statistical parameter
was necessary. The kurtosis of a probability distribution can be used as an index
for measuring the amount of scintillation. In probability and statistics, kurtosis is
defined as the ratio of fourth central moment and square of variance. In simple words,
kurtosis gives the measure of the infrequent outliers in a distribution. The kurtosis
value for a Gaussian distribution in Fisher’s definition is zero. Kurtosis of the light
curve in each station before and after the event can be calculated to understand how
deviant the noise is from a Gaussian distribution. If we use the kurtosis as a measure
of scintillation, low kurtosis or close to zero kurtosis events should be scintillation
quiet and high kurtosis events should be high scintillation. This exercise was carried
out for all the 19 commonly detected events, one hour before and after the peak
event and the values are listed in Table 2.1. Figure 2.7 shows the plot of measured
kurtosis value for each event in both stations. The LWAT 171018 has a kurtosis value
close to zero in both stations whereas all the other events have much higher kurtosis
values. There are some scintillation events with high kurtosis value in one station
and low kurtosis value in the other station. The high kurtosis value in one station
is basically due to the presence of bright, short duration RFI spikes along with the
source scintillation. The close to zero kurtosis values in both stations suggests that
LWAT 171018 is different from other events and the origin of such a signal is not due
to scintillation.
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Figure 2.7: The Kurtosis plot of the light curves from LWA1 and LWA-SV for each
common event listed in Table 2.1. The rectangle shows the zoomed portion of the
closely associated points towards origin.

While the source appears statistically separate from scintillating sources, there
is a 25 Jy (at 74 MHz) source, 4C +1.06, within error circle plot (see Figure 2.9).
4C +1.06 appears to be a 30 arcsec compact radio source from the 20 cm VLA
observations (Roland et al., 1985). The Scintillation of this source has triggered the
single station transient pipeline numerous times in the two years of data used in this
study. The source has shown up on 15 occasions in LWA-SV and 9 different occasions
in LWA1, but LWAT 171018 is the only time a source has shown up in both statons
at the same time. Despite the fact that LWAT 171018 appears different from these
scintillation events, it remains a possibility that the two coincident events were two,
unlucky scintillation spikes from 4C +1.06. We note however, that as mentioned
above there is a 15% chance that a random event will be spatially coincident with a

Chapter 2. Detection of a Low Frequency Cosmic Radio Transient
Using Two LWA Stations

36

VLSS source bright enough to be detected through a scintillation spike. So the fact
that LWAT 171018 is spatially coincident with 4C +1.06 could simply be an unlucky
coincidence.
In order to understand more about the scintillation of 4C +1.06 triggered in each
station, the kurtosis one hour before and after the event as well as the peak fluxes
were calculated. The 4C +1.06 source was observed to scintillate with an average
peak flux of 6.20 σ and a kurtosis of 0.66 in LWA1 and with an average peak flux
of 6.01 σ and a kurtosis of 3.12 in LWA-SV. Figure 2.8 shows the histogram of the
kurtosis measured during the scintillation of 4C +1.06 occurred on different occasions
in each station. The source has experienced low and high scintillation in both stations
at different times. But none of the events were measured with a close to zero kurtosis
value which was observed for LWAT 171018. This suggests that LWAT 171018 is less
likely a co-incident scintillation spike from 4C +1.06.
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Figure 2.8: Histogram plot showing the kurtosis value of the scintillation from 4C
+1.06 on different occasions in LWA1 (left) and LWA-SV (right) over the course of
10,240 h of observation. The kurtosis value of the LWAT 171018 from each station
are shown in red.

Satellites: The next possible candidate is the reflection or unknown emission from
satellites. The low earth orbit satellites can be ruled out as their spatial position
changes in the all - sky images. Our transient case is a stationary point source suggesting the possibility of geostationary satellites. Various websites are available on

Chapter 2. Detection of a Low Frequency Cosmic Radio Transient
Using Two LWA Stations

37

the Internet for tracking the position of satellites. By tracking the position of satellites above the horizon of both stations using In-The-Sky.org website3 , one candidate
satellite was found in the vicinity of the transient. The satellite was Morelos 3, a
Mexican communication satellite which is designated to transmit at 1 - 2 GHz and
12 - 18 GHz.
Reflections from a satellite requires dimensions on the order of a wavelengths. At
34 MHz (λ = 9 m), the longest dimension of the fully expanded configuration of the
satellite4 is 41 m (4.5 λ). While an object of this size is capable of scattering a 34
MHz wave, it is so small that a bright reflection is unlikely. Moreover, the reflection of
man-made RFI (the only thing possibly bright enough) would be strongly polarized,
which is not the case for the transient reported here.
Alternatively, since transmitters are imperfect, there could be a possible unpolarized out of band emission from satellite transmitters at lower frequencies. As of
now, we do not know the origin of any such emission mechanisms. The Morelos 3 was
launched in October 2015 and both LWA stations have been collecting all - sky images
since May 2016. If this was a signal from the satellite, one or both stations would
likely see the signal at other times. In order to check for any kind of previous signals
from geostationary satellite, the all-sky image from both stations were searched at
the corresponding azimuth and altitude locations. We could not find a single case of
emission at the position of the satellite.
Figure 2.9 shows the 1-σ position error circle plot from each station along with the
location of transients, satellites, VLSS sources 4C +1.06, NGC 1218, 4C +04.11 and
an optical supernova detected in the vicinity. The position error for each telescope
takes into account of the pointing error of the telescope, signal to noise error and the
random error due to ionospheric fluctuation at low frequencies. This estimated value
of position error was 1.19 degrees for LWA1 and 1.15 degrees for LWA-SV.

3 https://in-the-sky.org/satmap_worldmap.php\#
4 http://spaceflight101.com/atlas-v-morelos-3/morelos-3/
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Figure 2.9: Plot showing 1-σ position error circle centered on the transient location
from each station. The location of satellites seen from each station, optical supernova
and the VLSS sources 4C +1.06, NGC 1218 and 4C +04.11 is shown. The geometry
is considered to be flat as the area shown is only 8◦ × 8◦ in extent.

2.6
2.6.1

Discussion
Optical or High-Energy Counterparts

Having ruled out all the known cases of false positive events, we are left with a
previously undiscovered cosmic signal. We searched for any optical or high-energy
counterparts, including gamma ray bursts, flare stars, bright radio sources and stan-
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dard supernovae. We noticed that a standard supernova went off in the same direction
(03:04:39.35, +03:21:32.52) of the sky on the same day at 11:38:24 UTC. The optical
supernova, AT 2017hps was detected by the Pan-STARRS1 group (Transient Name
Server5 ; The Open Supernova Catalog6 ; Guillochon et al. 2017) and the location of
the transient is marked on the position error plot (See Figure 2.9). A standard supernova occurs frequently in all directions of the sky and the possibility of low frequency
radio emission from them is not clear. 46 supernovae were detected within ±2 days
of the event in different parts of the sky with a declination greater than −25 degrees.
An estimate of the probability can be calculated by assuming that all the supernovae events occurred randomly in the sky 30 degrees above the horizon. For this
purpose, the radius of the error circle is the position error in LWA1 which is 1.19
degrees (1/48 rad).


Number of supernovae events
.
P robability =
Number of beams (error circles)



Area of LWA sky
N umber of beams =
Area of beam
π rad2
=
2 = 2304.
1
π 48
rad

(2.1)



P robability =

46
= 1.98 %.
2304

(2.2)
(2.3)

(2.4)

So the probability of a standard supernova to occur within the positional error
circle of both LWA station is 1.98%.

2.6.2

New Radio Transient

The lack of evidence supporting the false positive detections and the absence of any
clear optical or high-energy counterpart suggest that this could possibly be a new
5 https://wis-tns.weizmann.ac.il/object/2017hps/discovery-cert
6 https://sne.space/
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type of cosmic event. Previous observations have not detected any such kind of high
flux density transient events at low radio frequencies. We have only detected this one
event since LASI began producing all-sky images from both stations in May 2016.
With respect to the data used for this study, the new transient source does not repeat.
The nature of the transient is not clear as it lacks other EM counterparts and has
only occurred once.
The single cosmic transient event was detected after 10,240 hours of observation.
Each hour has 720 all-sky images and each image has 2304 independent beams in
the sky 30 degrees above the horizon. This makes a total of 1.70 × 1010 independent
beams. For Gaussian statistics, the probability of finding a 5.28 σ detection in LWA1
is 6.46 × 10−8 and 8.46 σ in LWA-SV is 1.34 × 10−17 . The joint probability of finding
such an event simultaneously in both stations is given by their product which is
8.64 × 10−25 . The expected number of such events we should have seen is given
by the product of the joint probability and number of independent beams. For the
1.70 × 1010 independent beam integrations observed with both stations the calculated
number of such events is ≈ 1.47 × 10−14 . This is much less than one implying that
this is a real event and not just a chance occurrence of two simultaneous noise peaks.
The radio waves traveling through the ionized plasma in the intergalactic medium
cause a difference in the arrival time of signals. Higher frequency signals will arrive
first and the measured pulse over a frequency bandwidth will be dispersed. An upper
limit of the dispersion measure (integrated electron density along the line of sight) can
be calculated using the pulse width of the transient from light curve. The dispersion
measure is calculated on the assumption that the pulse is dispersed along 100 kHz
bandwidth of the TBN data. The relation between time delay in the arrival of two
different frequencies and dispersion measure is given by

MHz2 cm3 s
∆td = 4.149 × 10
pc
3



1
1
− 2
2
f1
f2


DM.

(2.5)

In the above equation, DM is the dispersion measure, ∆td was taken to be 15 s
from light curve, f1 = 33.95 MHz and f2 = 34.0375 MHz. Putting all these values
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in equation (5) will return a DM = 804 pc cm−3 . If we compare the DM value
with the known transient sources, it will fall into the group of recently detected Fast
Radio Burst (FRB) events. Lorimer et al. (2007) detected the first FRB in 2007 at
1.4 GHz after analyzing the archival survey data of Magellanic clouds using Parkes
Radio telescope in Australia. The burst had a flux density of 30 Jy and a duration 5
ms. The pulse was dispersed with a DM of 375 pc cm−3 and was far away from the
Galactic plane suggesting an extra galactic origin. In later years, further observations
using Parkes, GBT, Arecibo have discovered over 17 FRBs at high frequencies and
these are listed in the FRB catalog (Petroff et al., 2016). Recently the CHIME/
FRB Project has discovered 13 new FRBs at frequencies between 400 and 800 MHz
in their pre-commissioning phase. One of the detetced FRBs was observed to have
6 repeated bursts. The hypothesized origin of these short bursts was thought to
be exotic phenomena like merging neutron stars or evaporating blackholes. The
detection of repeating bursts eliminates the cataclysmic models for the FRB source
(CHIME/FRB Collaboration et al., 2019a,b). However, no FRBs have been detected
below 100 MHz.
An FRB is potentially a good candidate for LWAT 171018. Pulse broadening
can occur at lower frequencies due to dispersion and scattering causing seconds of
time delay. Since the calculated upper limit of DM is high and the source location
is far away from the Galactic plane (l = 176.13, b = −46.88), the transient could be
possibly an extra galactic source.
The expected scattering width at 34 MHz can be calculated using the relation
τsc (ν) ∝ ν γ ,

(2.6)

where τsc is the scattering time scale and γ is the scattering index which is taken to
be –4 for this case. For a short duration, < 1.1 ms FRB pulse from Thornton et al.
(2013) at 1.3 GHz, the estimated pulse width at 34 MHz is ≈ 2400 s. The measured
15 s pulse width from light curve is much less than the expected pulse width due to
scatter broadening.
Several other imaging campaigns have been conducted at low frequencies for FRB
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detection. Tingay et al. (2015) searched for FRBs using MWA between 139 -170
MHz. No FRBs were detected in the 2 s de-dispersed images collected over 10.5
hours of observation covering 400 square degrees. This search placed a limit of < 700
events/day/sky within the flux density limit of 700 Jy for a DM of 170-675 pc/cm3 .
Rowlinson et al. (2016) conducted a survey for transient searches at 182 MHz with
MWA using 28 s integration images. No FRBs were detected within the flux density
limit of 0.285 Jy. The survey placed an upper limit of < 82 FRBs/day/sky within
the flux density limit of 7980 Jy for a DM < 700 pc/cm3 . Sokolowski et al. (2018)
conducted a coordinated MWA observations to shadow the low frequency component
of the FRBs detected by the Australian Square Kilometre Array Pathfinder (ASKAP)
at 1.4 GHz. The simultaneous MWA observations of 7 ASKAP FRBs between 70-200
MHz using 0.5 s images did not detect any low frequency emission. The results from
previous observations and smaller pulse width compared to the expected width from
scattering implies that the observed transient is less likely to be an FRB event.

This also implies that the detected transient is new and at the same time it is
similar to the transient detected by Stewart et al. (2016), ILT J225347+862146. The
6 sigma detection threshold of 38 MHz LASI images at zenith is 250 Jy (Obenberger
et al., 2015a). The sensitivity of an 11 minute LOFAR MSSS image is greater than
7.9 Jy. The detected ILT J225347+862146 had a flux density of 20 Jy and 11 minute
duration. The LASI images are not sensitive enough to detect ILT J225347+862146.
At the same time, LOFAR MSSS images could have easily detected LWAT 171018 as
it was a 800 Jy bright event. But if ILT J225347+862146 lasted only for 5 s duration
and assuming the fluence is same at 60 and 38 MHz, then the peak flux density of
the event would be 2640 Jy. This event could be easily observed in LASI images. In
the same way, if the 800 Jy LWAT 171018 lasted for 11 minute in MSSS images, then
the peak flux would be 19.09 Jy which is also above the detection threshold.
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Burst Location

An upper bound on the distance using the DM can be written as DM ≈ 1200 z pc
cm−3 (Lorimer et al., 2007). So a DM of 804 pc cm−3 can give a redshift, z ≈ 0.67. The
observed contribution of DM from Milky Way is less than 100 pc cm−3 for Galactic
latitudes greater than 10 degree (Yang and Zhang, 2016). The total observed DM is
the sum of the contribution from the host galaxy, intergalactic medium, and that of
the Milky Way (Xu and Han, 2015). After removing the contribution from the Milky
Way, a DM of 700 pc cm−3 gives redshift, z ≈ 0.58. This is an upper limit of the
redshift solely based on the temporal pulse width of the transient event.

2.7

Conclusions

By using two LWA stations separated by 75 km we present an anti-coincidence study
of the joint observations over a period of 10,240 hours between May 2016 and July
2018. During this period nineteen events were detected simultaneously from both
stations in the same part of the sky, however all but one of these can be classified as
the result of scintillation of a known compact radio source induced by the ionosphere
or RFI. One source on 18 October 2017 with a flux density of 840 Jy at 34 MHz is
not readily explained by scintillation or RFI. After ruling out a number of possible
origins we find that this new transient could be a previously unknown cosmic signal.
The origin of this source is not clear due to the lack of evidence.
Multi epoch observations using sensitive telescopes at low frequencies may yield
further emission signals if the transient source is still active. In the future, we will
continue the all-sky monitoring to search for similar cosmic transient events using
both LWA stations. Multi wavelength observations of cosmic transient sources followed by an LWA trigger could provide insights into the source structure and process
of emission mechanisms. Future observations of similar transients will also benefit
from the implementation of a broadband (10 MHz) all sky correlator that now runs
continuously at the LWA-SV station.
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Chapter 3
Testing the Radiation Pattern of
Meteor Radio Afterglow

The contents of this chapter were originally published as part of Varghese et al. 2019,
JGR Space Physics, 124(12), 10749-10759
Radio emission from meteors or meteor radio afterglows (MRAs) were first detected using the all-sky imaging capabilities of the first station of the Long Wavelength Array (LWA1). In this work, we use the recently commissioned LWA Sevilleta
(LWA-SV) station along with the LWA1 to carry out co-ordinated observations. The
combined all-sky observations with LWA1 and LWA-SV have co-observed 32 MRAs
and 21 transmitter reflections from meteors (meteor scatter events) which are believed
to be specular reflections from overdense trails. The flux density of the events observed
by each station were measured from the all-sky images. Triangulating the angular direction of events from each station gave the physical location and the distance of the
event to each station. The luminosity of the events in each station were calculated
using the flux distance relation for an isotropic source. The luminosity distribution
for MRAs and meteor scatter events observed by each station shows a clear distinction between these two types of events as the ratio of luminosities are closer to unity
for MRAs than the meteor scatter events. Furthermore, we find that MRAs follow
an isotropic radiation pattern. This suggests, either a complete incoherent emission
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mechanism or an incoherent addition of coherently emitting small regions within the
meteor trail.

3.1

Introduction

Meteors occur when high velocity, solid material collides with the Earth’s atmosphere,
ablates, and ionizes to form a plasma trail. The recent discovery of high frequency
(HF; 3-30 MHz) and very high frequency (VHF; 30-300 MHz) radio emission from meteors (Obenberger et al., 2014b) has opened a new window to study meteor physics.
The all-sky imaging capabilities of the first station of the Long Wavelength Array
(LWA1) was utilized to discover the previously unknown radio emission from meteors or meteor radio afterglows (MRAs). Combined radio observations with optical
cameras have confirmed that the afterglow emission is produced by optical meteors
and occurs within few seconds of the optical activity. The unpolarized MRA emission
usually lasts between a few seconds to a few minutes with a characteristic light curve
pattern of a fast rise and slow decay (Obenberger et al., 2014b).
Follow-up observations with the beamformed mode of the LWA1 have collected the
dynamic spectra of 4 MRAs (Obenberger et al., 2015b, 2016a). The dynamic spectra
captured between 22 - 55 MHz suggest that the afterglow emission is broadband and
the flux density follows a power law dependence with frequency, having higher flux
at lower frequencies (Obenberger et al., 2015b, 2016a).
The intrinsic MRA emission is presumed to be different from the well studied
transmitter reflections from meteors (meteor scatter events) which we also detect in
LWA stations (Obenberger et al., 2014b). Transmitter echoes reflecting off meteor
trails are strongly polarized (Close et al., 2011) and are narrow band in frequency,
whereas MRAs are largely unpolarized and are broadband in frequency.
Transmitter reflections from meteor trails have been well studied to understand
meteor physics. In general, reflection events from meteors can be classified as specular,
non-specular, and head echoes. The purpose of this paper is to study the radiation
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pattern of MRAs and to compare it with what we expect from meteor scatter events.
Historically, the most commonly observed reflection cases are specular and they
satisfy the law of a regular reflection (Wislez, 1996). Specular echoes arises from the
Fresnel scattering when the radar beam is pointed perpendicular to the meteor trail
(Close et al., 2008). Specular reflections from meteor trails are directional, and it is
impossible for both stations to detect the same specular reflection. However, since
the mesospheric neutral winds distort the shape of a meteor trail, it is possible for
different regions of a single overdense meteor trail to produce a specular reflection
towards both stations. In such cases the power observed by both stations should be
largely independent of each other. Underdense trails usually last for less than a few
tenths of a second and the neutral winds barely affect them (Wislez, 1996). Therefore,
it is unlikely to observe a specular reflection from an underdense trail simultaneously
in both stations.
The radiation pattern from head echoes are far less directional than specular
echoes (Close et al., 2004, Marshall and Close, 2015). However, since they only last
for the short period of time when the meteoroid is ablating, such echoes have little
relevance to the study of MRAs, which can last for up to minutes after ablation
Obenberger et al. (2014b).
Non-specular reflections, also known as RSTEs (Range Spread Trail echoes), have
been studied for the last few decades (Chau et al., 2014, Mathews, 2004, McKinley
and Millman, 1949, and references therein). One type of non-specular reflection
occurs when a radar beam is pointed perpendicular to the magnetic field as opposed
to perpendicular to the meteor path. Heritage et al. (1962) first described them as
magnetic field-aligned irregularities. Here, field-aligned irregularities form within the
meteor trail and allow for coherent scatter back to the radar. Presumably this could
also allow for passive scattering where the geometry of the radiation source, magnetic
field, and receiver satisfy the law of reflection. Like specular reflections, non-specular
reflections from field-aligned irregularities are highly directional (Close et al., 2008),
and it is unlikely that such events could be simultaneously observed in both stations.
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In addition to field-alligned echoes, Kelley (2004) has suggested and Chau et al.
(2014) has shown that non-specular radar echoes can arise from non-field-aligned
irregularities due to turbulence induced by charged dust within the meteor trail.
These irregularities may not be field aligned, but they can be aligned with respect to
the meteor trail axis. In that case, they will not scatter isotropically and will have
a preferred direction just as specular trails. Therefore it is unlikely that both LWA1
and LWA-SV could see the same amount of power scattered by a non-field aligned
non-specular meteor, and we note that in general, such echoes would be significantly
dimmer than specular echoes (Chau et al., 2014).
Comparing different known scattering mechanisms, it is difficult to imagine a
broadband, unpolarized transmitter powerful enough to scatter off of meteor trails
isotropically. We can therefore assume that if the radiation coming from MRAs is
for the most part isotropic, then MRAs cannot be coming from any sort of scattering
process, and must indeed be due to self-generated emission.
In this paper, we present observations from 32 MRAs that were co-observed by
both stations. These events are consistent with previous observations of MRAs, which
are characterized by broad-band, unpolarized HF/VHF emission. We compare the
power measurements of these dual station MRAs with 21 co-observed narrow-band,
polarized echoes, which we assume to be specular echoes from meteor trails that have
been warped by the neutral winds, such that specular echoes are observed in both
stations nearly simultaneously.

3.2

Observations

The combined observations of MRAs and meteor scatter events were carried out with
the LWA1 and LWA-SV stations. LWA1 (Taylor et al., 2012) is the first station of
the Long Wavelength Array radio telescope and is collocated with the Karl G. Jansky
Very Large Array (VLA). The recently commissioned LWA-SV station is located 75
km North East of LWA1 on the Sevilleta National Wildlife Refuge (Cranmer et al.,
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2017). Both stations operate between 10 and 88 MHz frequency range and have a
similar physical layout. The core of each station consists of 256 dual polarization
dipole antennas arranged in the form of an ellipse 100 × 110 m across. In addition, 5
outrigger antennas in LWA1 and one in LWA-SV are located at 200-500m away from
the center of the arrays. The MRAs and meteor scatter events were detected using
the all-sky images produced by the LWA All-Sky Imager (LASI) which is the backend
correlator. The correlator converts the collected raw voltages from each antenna to an
image of the sky every 5 seconds. More details of LASI can be found in (Obenberger
et al., 2015a). This work utilized 13771 hours of all-sky images collected at the two
LWA stations between May 2016 and February 2019.

3.3

Detection of Co-observed MRAs and Meteor
Scatter Events

The transient events from all-sky images are found using the transient search pipeline.
The pipeline is based on an image subtraction process which subtracts the average of
four previous images from a running image and pixels with flux greater than six sigma
threshold above the image noise are marked as transients. The imaging and transient
search pipeline is discussed in (Obenberger et al., 2014b, Obenberger et al., 2015a,
Varghese et al., 2019a). The transient candidate list from each station are compared
to find the coordinated events which happened simultaneously in both stations.
Depending on the angular direction in which the coordinated events are detected
in each station, they are classified as MRA candidates and cosmic transient candidates. For example, a transient event (like a reflection from an airplane, lightning
or local radio frequency interference) happening above LWA1 at an altitude of 5 km
will not be detectable by LWA-SV as both stations do not share the same sky at
lower elevations. As the elevation increases, the shared region of sky between the two
stations increases. Both stations share 99% of the sky at elevations greater than 1430
km. If a transient event, from it’s physical location, makes an angle of three degrees
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along the 75 km baseline between two LWA stations, then this event corresponds to
an elevation of 1430 km. Therefore, any event happening at great distances (such
as solar system objects or cosmic sources) will have a difference between the angular
coordinates measured by each station to be less than three degrees. For events like
MRAs happening between 90-130 km, the events detected by the two stations will
have angular differences between 30-45 degrees in their measured coordinates. Therefore, if the angular difference between coordinates of the event from each station is
greater than 3 degrees, it is classified as an MRA candidate otherwise it is classified
as a cosmic transient candidate. The process of finding co-observed events and the
event classification is described in more detail in Varghese et al. (2019a).
The MRA candidates detected by each station can be MRAs, meteor scatter events
or scintillations of radio sources caused by the ionosphere. Meteor scatter events are
transmitter signals reflecting off the meteor plasma trails. A transmitter signal with
frequency less than the plasma frequency of the meteor plasma trail can reflect off the
trail to LWA stations. As the trail is warped by the neutral winds, a specular meteor
can be observed by both stations simultaneously. The origin of meteor scatter event
at each station can be from the same or different transmitters.
Scintillation is a propagation effect which occurs as the radio waves from cosmic
sources pass through Earth’s ionosphere. The turbulent magnetized plasma in the
ionosphere cause refraction, scattering and interference of waves resulting the rapid
fluctuation in the observed flux and changing the actual source position by few degrees. More details of dealing with scintillation and their statistics can be found in
Varghese et al. (2019a). Our comparison method can correlate all events seen from
both stations as transient events. We find MRA - MRA, meteor scatter - meteor
scatter, scintillation - scintillation and meteor scatter - scintillation event pairs from
both stations. For the purpose of this project we are interested in finding the real
pairs coming from the same meteor, MRA - MRA and meteor scatter - meteor scatter
pairs. From the list of candidates, we need to remove the false positive events like
scintillation - scintillation and meteor scatter - scintillation pairs.
Triangulation can be used as an effective tool to eliminate false positives. It is
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a process of forming a triangle from two known points and directions to find the
third unknown location. The azimuth and altitude of the source measured from each
station are used to find the latitude, longitude and elevation of the source. For a
real event, the calculated coordinates of the source from each station should agree
with each other. We filter to select events which have an elevation between 60-150
km and having less than 5% error in the difference between the coordinates of the
source calculated from each station. This method can find the physical location of
a real transient observed in two stations with good accuracy. At the same time,
triangulation criteria fails for scintillation and meteor scatter happening at different
physical locations on the sky, and they are marked as false positives. This method
works well, removing 95% of the false positive events. However, it is possible to have
false positive events observed from each station at particular angular directions which
can satisfy the triangulation criteria. Such events are rare and the detected events
have to be analyzed later by examining their light curves. The process of finding
transients in each station, their comparison, classification and triangulation of MRA
candidates are automated.
Further confirmation of event characteristics requires the analysis of Stokes I, Q,
U and V light curves of the events from each station. Obenberger et al. (2014b)
clearly shows that MRAs have little to no linear or circular polarization, whereas
meteor scatter events tend to be highly polarized. While identifying MRAs, we chose
all events which had a linear or circular polarization fraction less than 30% and the
events with high amount of polarization were classified as meteor scatter events.
While the polarization test appears to be a reliable method for separating MRAs
from scatter events, MRAs can be further differentiated by their light curves, which
are typically characterized by a single peak, preceded by a fast rise and followed by a
slow decay (see Figure 3.1) lasting up to a few minutes. The highly polarized meteor
events, assumed to be meteor scatter, typically have quickly varying light curves
seldom lasting more than a few seconds. Similarly, scintillation of radio sources are
identified by their irregular variations and random peaks in the light curve over the
course of half an hour to few hours (Varghese et al., 2019a).
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The best differentiation between MRAs and the meteor scatter events would be
their spectra, where MRAs are broad band and scatter events are narrow band. However the spectral information is not saved during typical LASI operation preventing
such a test.

3.4

Testing the Isotropic Nature of MRAs

Isotropic emitters are sources of EM radiation emitting uniformly in all directions.
The flux measured at a distance r away is given by the
F =

L
,
4πr2

(3.1)

where F is the observed flux and L is the luminosity of source. In this experiment, we
are trying to understand the radiation pattern of MRAs by testing whether they are
isotropic emitters or not and to compare with known meteor scatter events. Using the
two LWA stations, we observed 32 MRAs and 21 meteor scatter events. Figure 3.1
shows the Stokes I light curve of a co-observed MRA detected in LWA1 and LWA-SV
station on MJD 58243. Figure 3.2 shows the Stokes I light curve of a co-observed
meteor scatter event occurred on MJD 58172.
The flux of co-observed events can be measured from the all-sky images in each
station.

From here onwards, we denote F1 and Fsv to be flux of the transient

(MRA/meteor scatter event) measured at the LWA1 and LWA-SV stations respectively. Triangulation gives the physical location of each transient as well as the
respective distance to each LWA station. We will denote D1 and Dsv to be the distance of transient location from the LWA1 and LWA-SV stations respectively. For
an isotropic source, the luminosity measured L1 at LWA1 and LSV at LWA-SV have
to be equal. Also the flux, F , is the product of flux density, Fν , and bandwidth, ∆ν
(100 kHz in both stations). The flux density in LWA1 and LWA-SV can be denoted
as Fν1 and FνSV , then we have
L1 = LSV ,

(3.2)
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Figure 3.1: Stokes I light curve of an MRA seen from LWA1 and LWA-SV on MJD
58243 at UTC 15:22:25. The light curve features the fast rise and slow decay of a
typical MRA.

2
F1 D12 = FSV DSV
, and

(3.3)

2
Fν1 D12 = FνSV DSV
.

(3.4)

The left hand side and right hand side of [4] can be calculated for different co-observed
transients, and the measured luminosity in each station should be equal if indeed these
events are isotropic emitters.
Figure 3.3 shows the geographic projection map of 32 MRAs and 21 meteor scatter events along with the locations of two LWA stations. Both the MRAs and meteor
scatter events were detected in a random fashion above both stations and they do
not follow any pattern or prefer any occurrence direction above both stations. Figure
3.4 shows the altitude distribution of MRAs and meteor scatter events. The altitudes
of 32 MRAs and 21 meteor scatter events have been obtained by radio-radio triangulation using two LWA stations. In addition, the method to determine the MRA
altitude from Obenberger et al. (2016b) has been used. Obenberger et al. (2016b) cal-
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Figure 3.2: Stokes I light curve of a meteor scatter event seen from LWA1 and LWA-SV
on MJD 58172 at UTC 17:12:14. The light curve features the bright, short duration
event.

culated the altitudes by triangulating the MRAs detected with LWA1 and their optical
counterparts detected using two other optical cameras. More details can be found
in Obenberger et al. (2016b). The altitude distribution of radio-radio triangulation
matches with heights obtained by optical-optical and radio-optical triangulation from
Obenberger et al. (2016b). All three histograms peak between 95-100 km which is
the most probable altitude at which MRA and meteor scatter event occurs. This also
suggests that the transmitter reflections we observe are indeed from meteor trails.
Also, the standard deviation of the meteor scatter distribution is greater than the
MRA distribution implying that transmitter reflections can occur at lower as well as
higher altitudes as long as a meteor plasma trail is present. We note that the triangulation from meteor scatter events likely contains errors, as the specular reflections
seen by each station are most likely coming from different regions of the warped trail.
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Figure 3.3: Geographic projection map of 32 MRAs and 21 meteor scatter events
collected simultaneously from both stations. The locations of both stations are also
marked.

3.4.1

Flux Measurement and Calibration

The flux is primarily measured using the light curve of the transient. The light curve
gives the peak flux and time of emission. For an accurate measurement of flux, we
use the all-sky image at the peak time of emission. In this approach, we take the
average of 10 noise-like images before the transient and subtract it from the peak flux
image. This will remove all the steady sources and the sky residuals from Galactic
plane giving the transient detection without losing any flux from it. The next step is
to find the peak pixel flux value and thermal noise from a quiet portion of the image
in arbitrary units.
LASI produces uncalibrated images which have pixel values in arbitrary units
(a.u.). The pixel values are calibrated using a standard calibrator source in order to
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Figure 3.4: Histogram showing the altitude distribution of MRAs and meteor scatter
events obtained using different modes of triangulation.

convert them to Jansky (1 Jansky (Jy) = 10−26 Watts m−2 Hz−1 ). In our case we use
Cygnus A, a bright radio galaxy and track the source as it moves across the sky. After
tracking the source at each time, the peak flux value of Cygnus A is measured as a
function of elevation and frequency. Figure 3.5 shows the measured flux dependence
on frequency and elevation for LWA1. LASI primarily operates at 34 and 38 MHz and
independent flux calibration is needed at each frequency. For a particular frequency
and elevation (elev ), the scaling relation of the flux density from a.u. to Jy using
transient and Cygnus A can be written as
Fν,CygA Jy
Fν,transient (elev) Jy
=
,
Fν,transient (elev) a.u.
Fν,CygA (elev) a.u.
Rearranging the above equation gives the transient flux density in Jy.


Fν,CygA Jy
Fν,transient (elev) Jy =
Fν,transient (elev ) a.u.,
Fν,CygA (elev ) a.u.
and the error in measured flux density is given by


Fν,CygA Jy
∆Fν,transient (elev) Jy =
Noisethermal a.u..
Fν,CygA (elev ) a.u.

(3.5)

(3.6)

(3.7)

The calibration was performed separately for each transient event at both stations.
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Figure 3.5: Flux of Cygnus A measured as a function of elevation at 34 MHz (left)
and at 38 MHz (right) with LWA 1. The data is fitted with a third order polynomial
model.

3.5

Results

The distance between the transient location and each LWA station was calculated
using the standard distance formula. Theoretical flux densities of Cygnus A at 38 and
34 MHz were calculated using the VLSS Bright Source Spectral Calculator (https://
lda10g.alliance.unm.edu/calspec/calspec.html) where VLSS refers to the VLA
Low Frequency Sky Survey at 74 MHz (Cohen et al., 2007, Lane et al., 2012). The
product of flux density and square of distance were calculated for 32 MRAs and 21
meteor scatter events. Figure 3.6 shows the measured luminosities of MRAs and
meteor scatter events from each station.
From the plot it is clear that the MRA events follow the expected linear nature
and at the same time the highly polarized events (presumed to be meteor scatter)
are randomly scattered around the straight line. However there is an outlier event
labeled as MRA MJD 58217 in Figure 3.6 among the MRAs which we explain as
an elongated MRA. Also, Figure 3.7 shows the histogram distributions of the log of
ratio of luminosities measured in each stations. The MRAs have log luminosity ratios
peaking at zero with smaller spread and meteor scatter events having wider spread in
the data. This suggests that the MRAs have luminosity ratios closer to unity where
it deviates far from unity for meteor scatter events.
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In statistics, the sample Pearson correlation coefficient measures the correlation
within a data sample. A sample Pearson coefficient value of one implies that the
sample is highly positively correlated among themselves, zero indicates that the sample is uncorrelated and negative one implies that the sample is highly negatively
correlated. Sample Pearson coefficient was calculated for MRAs and meteor scatter
events using pearsonr module (https://docs.scipy.org/doc/scipy/reference/
generated/scipy.stats.pearsonr.html) in the Python Scipy package. This outputs the Pearson correlation coefficient and 2-tailed p-value for non-correlation. A
high absolute value of Pearson correlation coefficient and low p-value suggests that
data is highly correlated. The MRAs have a Pearson coefficient of 0.57 and p-value of
6.56 × 10−4 with the outlier and Pearson coefficient of 0.83 and p-value of 8.47 × 10−9
without the outlier. This suggests that the MRA data has high positive correlation.
At the same time, the meteor scatter events have a Pearson coefficient of 0.07 and
p-value of 0.76 indicating that the sample is uncorrelated. Also a Chi-square test was
carried out to test the goodness of the expected fit with the data. For MRAs, the
calculated χ2 = 5617 and for meteor scatter events, χ2 = 393440.

One important reason that may cause a discrepancy between the MRA and the
expected linear relationship is projection effects. The projection effects arise from
differences in the orientation of the meteor trail with respect to the line of sight view
from each LWA station. If the meteor trail is modeled as a long cylindrical trail, one
station can see the projection of the meteor trail as a long rectangle (when the trail is
perpendicular to line of sight) and the other station will see the projection as a disk
(when the trail is along the line of sight). This results in detecting different integrated
surface brightness within a beam area. Figure 3.8 shows the projection effect of the
MRA event on MJD 58217 18:55 UTC from LWA1 and LWA-SV respectively. The
azimuth and elevation location at the end points of the source can be used to calculate
their angular scale on the sky. The image from LWA1 suggest that that it is a point
source structure with a maximum diameter of 9 degrees at an elevation of 60 degrees.
At the same time, the LWA-SV image suggest that it has an elongated source structure
spanning approximately 15-16 degrees in length and 8-9 degrees in width across the
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sky at an elevation of 37 degrees.

3.6

Discussion

The emission mechanism responsible for MRAs is currently unknown. Previous work
has shown that the emission is non-thermal and for the most part does not have
observable polarization. Obenberger et al. (2015b) proposed that if electrostatic
(Langmuir) plasma waves existed in a meteor trail they could be converted to electromagnetic waves given the steep density gradients within the trail. The fact that
the emission spectra follows the expected plasma frequency range of a large meteor
trail supports this hypothesis.
A major challenge of this hypothesis, however, is that plasma wave emission is a
coherent process, meaning that many electrons oscillate together in unison. Such a
processes should then create coherent emission, which would be polarized and highly
directional for regions larger than a wavelength (∼ 10 m). Moreover, regions larger
√
than a Fresnel zone length ( 2λR where λ is the wavelength and R is the distance
to the trail (Sugar, 1964) i.e. 1400 m at 100 km distance and 10 m wavelength)
would be subject to dimming effects associated with nearfield sources. It is certainly
possible that many small regions of coherent emission could incoherently add together,
collectively producing isotropic radiation without observable polarization.
Alternatively, the emission mechanism may be a completely incoherent process,
where a collection of individual randomly oriented electrons radiate in isolation. Such
a process would inherently be isotropic and likely not have observable polarization.
We note that all of the above mentioned scenarios require a source of energy that
provides suprathermal electrons. At this point no source has been identified.
The bottom panel in Figure 3.6 shows, the measured MRA luminosities deviate
between 1% - 487% from the isotropic sphere approximation, however they match
this approximation far better than the meteor scatter cases. If we assume MRAs
have more or less an even surface brightness then some deviation is expected given
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that meteor trails are better approximated as thin cylinders rather than spheres.
Each station has a unique view of a particular MRA, such that the projected angular
size of the cylinder appears different from each station. If we assume a constant
surface brightness and optically thick (overdense) medium for plasma trails at low
frequencies, the angular size of the projected cylinder would be proportional to the
estimated luminosity.
From a randomly generated sample of cylinders with uniform surface brightness,
we can estimate what luminosity measurements should look like from each station
and then compare to the data presented in this paper. To make this estimate we
used a Monte Carlo simulation where we generated 100,000 cylinders with lengths of
10 km and radii of 50 m. The primary goal of this simulation it is to understand
how projection affects the luminosity measurements in each station. We chose 10 km
for the length of cylinders as it approximately corresponds to the resolving power of
the LWA at 38 MHz at a distance of 100 km. Events that are longer than 10 km
can be resolved (i.e. the power is spread over multiple synthesized beams) and they
are not included in the simulation. However, if they are shorter than 10 km, they
are not resolved and all of flux is measured in one synthesized beam. The generated
cylinders are randomly spread over a region ± 3 degrees in latitude and ± 3.6 degrees
in longitude from the center of the two arrays. Each meteor has a starting altitude
of 100 ± 10 km and an inclination angle of 45 degrees. Many meteors originate from
showers which has a fixed radiant direction and sporadic meteors distribution is not
random in the sky (Campbell-Brown and Wiegert, 2009). Therefore, a given meteor
will not have a completely random orientation relative to earth. However, Hughes
(1993) has calculated the most likely meteor incidence angle to be 45 degrees. This
will give a better account of the inclination angle without simulating meteors from
identical showers and sporadic sources which would be a challenging task.
Since we only search the transient sky above an elevation angle of 30 degrees, we
removed all simulated events that had an elevation angle less than 30 degrees in either
station. Furthermore, we correct the sample for the elevation angle dependent gain
pattern of the LWA antennas (Obenberger et al., 2015a) and for the fact that the flux
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of a MRA in a single station drops according the distance to the MRA squared. After
applying these filters, roughly 12% (12,000) of the sample remain, but this sample
better represents the actual detected population of MRAs.
For a given cylinder in this sample, the luminosity estimate from a particular
station is simply related to the angular size of projected meteor multiplied by the
distance to that station squared. We can then calculate the ratio of the luminosities as
measured by each station to find the effect of projection as a deviation from a spherical
approximation. Figure 3.9 shows a histogram of the estimated luminosity ratios from
both the simulation and the 32 events presented in this paper. Qualitatively, the two
samples are quite similar implying that much of the deviation in the real data can be
explained simply by projection effects.
A two sample Kolmogorov-Smirnov (K-S) test can be used to compare the two
luminosity ratio distributions in Figure 3.9. This method will test if two samples are
drawn from the same distribution. The K-S test starts with a null hypothesis that
the two samples are drawn from identical distributions. The two sample K-S test,
scipy.stats.ks_2samp in Python Scipy package will output two values, the K-S
statistic and the p-value. If the p-value is greater than 10%, then the null hypothesis
that both samples are drawn from the same parent distribution cannot be rejected.
For two identical samples, the K-S statistic is 0 and the p-value is 1. Using the
luminosity ratio samples from the simulation and from the observed data in Figure
3.9, the calculated K-S statistic is 0.15 and p-value is 0.46. This suggests that the
samples are similar enough such that the null hypothesis cannot be rejected.
We note that the standard deviation of ratios (in log10 base) of the 32 events
in this paper (0.26) is slightly higher than that of the randomized sample (0.19).
While neither sample appears to be Gaussian, the standard deviation gives an idea
of the spread in ratios. Randomly selecting 100,000 groups of 32 ratios from the
simulated sample shows that there is only a 7% chance that a group of 32 ratios has a
standard deviation greater than 0.26. Therefore, it is likely that our simple projection
simulation does not fully explain the variation in luminosity ratios, however it at least
suggests that the MRA emission mechanism is not highly directional. This leaves the
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two possibilities that the emission is either completely incoherent, or it is the result
of the incoherent addition of many small coherent emitting regions.

For these scenarios, sources of variation include uneven surface brightness (Obenberger et al., 2016b), irregular shape (not cylindrical) of the radiating region and the
presence of neutral winds which can alter the shape of the meteor trails (Oppenheim
et al., 2014, 2009). Neither of these situations can readily be simulated, but we should
note that the radiating regions are likely not of uniform surface brightness. Indeed,
as previous studies (Obenberger et al., 2016b) have shown, resolved MRAs often have
varied brightness across the meteor trail. Oppenheim et al. (2014, 2009) developed a
new technique to study wind profiles in the lower thermosphere using non-specular
meteor echoes. The neutral winds can transport the magnetic field aligned plasma
irregularities in the meteor trail. This method has detected intense horizontal wind
speeds up to 180 m/s and intense wind shears between 93 and 100 km altitude. The
irregularity in the meteor trail shape coming from the neutral winds can cause some
deviations for the results obtained in this simulation. Nevertheless this simulation at
least explains a large fraction of the luminosity discrepancy between the two stations.

Mentioned above, warping of meteor trails by the neutral wind likely allowed for
21 suspected co-observed specular meteor reflections. These events were identified as
being specular meteor scatter using their polarization, light curves and when available,
their spectra. Figure 3.6 shows the radiation pattern of these events are clearly
different from the MRAs, therefore we can conclude that MRAs cannot be specular
meteor echoes. While non-specular meteor echoes, occurring due to non-field-aligned
irregularities, likely scatter in a near isotropic manner, the lack of a bright, specular
population, bearing similar characteristics of MRAs (e.g. broadband and unpolarized)
suggests that MRAs cannot be non-specular meteors. This evidence strongly supports
the previous conclusion that MRAs are indeed emitted by the meteor trails themselves
and are not the result of scattered broadband radio frequency signals.
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Conclusions

The results suggest that in general MRAs follow an isotropic radiation pattern. In
rare cases, the elongation of the afterglow can cause departures from an isotropic
radiation pattern. The luminosities only deviate slightly from the spherical approximation. This in turn suggests that the MRAs may be optically thick at our observed
frequencies. We find that an isotropically emitting cylinder approximation is a good
working model for the MRA emission mechanism. The luminosity distribution gives
further proof that the detected signals are not reflected sources as they differ greatly
from the known meteor scatter events. The isotropic radiation pattern of MRAs also
lead us to the conclusion that the emission mechanism could be completely incoherent or the result of incoherent addition of small coherent emitting regions within
the plasma trail. Future high resolution observational studies are required further to
clarify the nature of the emission mechanism.
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Figure 3.6: The top plot shows the measured luminosity with 1σ error bar in each
station for 32 MRA events and 21 meteor scatter events. The bottom plot shows the
enlarged portion of the region close to the origin in the top plot. The points marked
with red circles are MRAs and with blue squares are meteor scatter events. The
calculated p-value of non-correlation for MRAs is 8.47 × 10−9 and 0.76 for meteor
scatter events.
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Figure 3.7: Histogram showing the log of ratio of luminosities observed for 32 MRAs
and 21 meteor scatter events in two LWA stations.

Figure 3.8: Background subtracted image of the MRA event from LWA1 station on
MJD 58217 showing the point source structure (left). The image of the MRA event
from LWA-SV station on MJD 58217 showing the elongated source structure (right).
The ellipse in both images shows the beam shape on the sky at an elevation of 60
degrees in LWA1 and at 37 degrees in LWA-SV where the event occurred.

Chapter 3. Testing the Radiation Pattern of Meteor Radio Afterglow

66

Figure 3.9: Shown are luminosity ratios from LWA1 and LWA-SV for the 32 events
presented in this paper (top) and for the Monte Carlo simulation for cylinders of
uniform surface brightness (Bottom). The ratios are shown in log10 base.
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Chapter 4
Broadband Imaging of Meteor
Radio Afterglows

The contents of this chapter are about to be submitted to JGR Space Physics.
We present observations of 86 meteor radio afterglows (MRAs) using the new
broadband imager at the Long Wavelength Array Sevilleta (LWA-SV) station. The
MRAs were detected using the all-sky images with a bandwidth up to 20 MHz. The
spectra of all 86 MRAs collected were smooth and follow a power law dependence on
frequencies having higher flux at lower frequencies. The spectra varied from flat to
steep and the spectral index distribution peaked at –1.65. We observe weak correlation
between the spectral parameters and physical properties of MRAs.

4.1

Introduction

Billions of meteoroid particles enters Earth’s atmosphere every day with velocities
from 11-72 km/s, ablating and producing long columns of ionized plasma at altitudes
between 60-130 km. The plasma trails of bright and large meteors can produce strong
radio emission known as meteor radio afterglows (MRAs) at HF (3-30 MHz) and VHF
(30-300 MHz) bands (Obenberger et al., 2014b). The MRAs were initially detected
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with the LASI (LWA All-Sky Imager; Obenberger et al. 2015a) correlator of the first
station of the Long Wavelength Array (LWA1). The detected radio emission was nonthermal, unpolarized and had characteristic light curve patterns with a fast rise of
10 to 20 seconds and a slow decay which lasted up to couple of minutes (Obenberger
et al., 2014b). Also, the emission was smooth and broadband between 20–60 MHz
and it has not been observed below a cutoff elevation of 90 km (Obenberger et al.,
2015b, 2016a,b). A recent study using LWA1 and the second LWA station located
on the Sevilleta National Wildlife Refuge (LWA-SV) has revealed that the emission
is isotropic (Varghese et al., 2019b).
Currently there are two relevant hypotheses to explain the MRA emission mechanism. The first hypothesis is the possible electromagnetic conversion of the electrostatic plasma waves within the turbulent plasma trail at plasma frequencies known as
the Langmuir waves. Generation of Langmuir waves likely requires a plasma instability within the trail and the possibility of this mechanism is discussed in Obenberger
et al. (2015b). The second hypothesis is the transition radiation mechanism in which
hot electrons moving at a constant velocity through an inhomogenous plasma can
radiate due to the difference in the refractive index of the plasma (Platonov and
Fleishman, 2002). The electrons produced during the initial ablation and ionization
during the meteor entry are likely to thermalize much faster than the minute time
scales of MRAs. Therefore, both the Langmuir waves and transition radiation mechanism requires suprathermal electrons which can drive MRAs longer than the ablation
timescales (few seconds).
Using the radio data from LWA-SV and optical data from the Widefield Persistent Train Camera (WiPT), Obenberger et al. (2020) has shown that the MRAs are
temporally and spatially correlated with the long lasting emission in the optical and
infrared known as persistent trains (Borovička, 2006). This work demonstrates that
persistent trains can provide enough suprathermal electrons to drive the MRA emission. Despite various efforts to characterize the properties of MRAs, the emission
mechanism is still unknown.
The spectrum of a radio source provides the energy distribution as a function of
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frequency. The shape of the spectrum can vary depending on the emission mechanism of the source. Since, the emission mechanism of MRAs are poorly understood,
broadband spectral measurements of the source should provide some insight into the
emission mechanism. Developing theoretical models of emission mechanism requires
observational constraints. These constrains can be obtained through broadband spectral measurements for a sample of MRAs. Understanding the correlation between
spectral parameters and physical properties of MRAs would help to identify the key
parameters playing a significant role in the formation of MRAs.
For the past 8 years, the all-sky imaging in both LWA stations was carried out
using the LASI correlator which can produce all-sky images every 5 seconds in real
time with a bandwidth of 100 kHz. The sensitivity of images is inversely proportional
to the square root of the bandwidth. Due to the narrow bandwidth of LASI and
limited sensitivity, the broadband measurements of MRAs in the past were carried out
using the beamformed/phased array mode of LWA1. In beamforming, the digitized
voltage signals from each of the 256 dipole antennas are time delayed and coherently
summed to form a beam which can be pointed at any direction in the sky (Taylor
et al., 2012). Each beam can collect up to 36 MHz bandwidth of data with higher
time and frequency resolution compared to the all-sky mode. This capability makes it
ideal for producing dynamic spectrum of the observed sources. However, the all-sky
mode has large field of view of ∼1π sr (∼104 deg2 ) compared to ∼50 deg2 for the
beamformed mode.
In the broadband measurements of MRAs with beamforming, three beams were
pointed near zenith to collect the data (Obenberger et al., 2015b, 2016a). This resulted in the detection of 2 MRAs after 5600 hours of observation in the first campaign
(Obenberger et al., 2015b) and 2 MRAs later in the second campaign (Obenberger
et al., 2016a). The smooth spectra of radio sources are typically characterized using
a power law of the form Sv ∝ v α , where Sv is the flux density at frequency ν and α
is the spectral index. The spectra of 4 MRAs from the campaigns were fitted with
power law to obtain the spectral indices. The campaigns measured a spectral index
of –3.8, –4.2, –4.8 and –4.4 for the four detected MRAs.
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Zhang et al. (2018) conducted a 322 hour survey with Murchison Widefield Array
(MWA) searching for intrinsic radio emission from meteors. The survey between 72103 MHz did not identify any MRA candidates down to a 5 sigma noise threshold of
3.5 Jy/beam. However, the survey reported an upper limit of –3.7 for the spectral
index (with 95% probability of detecting at least one event) in their frequency range.
This upper limit on the spectral index is higher than that of the LWA measurements.
The LWA had measured the spectra of only 4 events and additional collection of
spectra for a sample of MRAs are required to accurately constrain the spectral index.
If the peak of the spectral index distribution for a sample of MRAs is flatter than
–3.7, then MWA has a higher probability to detect MRAs in their surveys.
One of the downsides of the beamformed observations with LWA is that the detection rate of MRAs is very low compared to the all-sky images due to the decreased
sky coverage. Only four events were detected after several 1000 hours of observation
which limits a statistical analysis of the broadband measurements. Also the data
calibration in both campaigns were carried out by dividing out the known instrumental responses. The lack of an astronomical calibration might have introduced some
uncertainties in the spectral index measurements.
The new broadband imager at LWA-SV, known as Orville, can image the whole
sky every 5 seconds with a bandwidth up to 20 MHz. The 200 times increase in
bandwidth for the Orville imager compared to LASI can produce all-sky images with
√
14 ( 200) times better sensitivity. Also, Orville can characterize spectral properties of
the transient sources. This provides an opportunity to make broadband measurements
of MRAs with higher detection rate and introduce better constrains on the spectral
characteristics.
In this paper, we present the broadband measurements of 86 MRAs and a statistical analysis of the measured properties. Section 4.2 describes the observations using
the Orville broadband imager. Section 4.3 provides information about the transient
search pipeline used in the detection of MRAs. Section 4.4 describes the calibration
strategy. Section 4.5 & 4.6 presents the broadband measurement results and the
statistical analysis of MRAs. Finally Section 4.7 concludes the paper.
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Observations

The Long Wavelength Array radio telescope located in central New Mexico currently
has two stations. The first station, LWA1 (Taylor et al., 2012), is collocated with
the Karl G. Jansky Very Large Array (JVLA) and the second station, LWA-SV, is
located on the Sevilleta National Wildlife refuge (Cranmer et al., 2017, Dowell and
Taylor, 2020). Both stations have a similar physical layout comprised of 256 dual
polarization dipole antennas arranged pseudo-randomly in the form of a 100 × 110 m
ellipse. The LWA1 operates from 10-88 MHz and LWA-SV from 3-88 MHz frequency
range. Both stations utilizes the all-sky imaging mode by LWA All-sky Imager (LASI)
or the narrowband imager which produces 100 kHz images every 5 seconds and the
beamforming mode. The observations of MRAs presented in this paper were carried
out using Orville, the new broadband imager at LWA-SV, which can image the sky
every 5 seconds with up to 20 MHz bandwidth. The broadband imager was producing
10 MHz images every 10 seconds in the first 4 months of the commissioning phase.
We have utilized 1362 hours of 10 MHz images with 10 seconds integration and 977
hours of 20 MHz images with 5 seconds integration from October 20, 2018 to April
17, 2020 for the study presented in this paper.

4.2.1

The Orville Broadband Imager

The Advanced Digital Processor (ADP) is the digital backend for LWA-SV that is
based on the Bifrost pipeline framework (Cranmer et al., 2017). In addition to supporting the same beamformed and narrowband all-sky modes available at LWA1,
ADP also provides a broadband FX correlator that cross-correlates each antenna and
generates visibilities every 5 s for up to 20 MHz of bandwidth. Orville is the new realtime all-sky imager for the output of the ADP broadband correlator. Orville receives
the packetized visibility data from ADP, images the data and writes the images to
the disk in a binary frame-based format. The imaging is performed using w-stacking
(Offringa et al., 2014) to correct for the non-coplanarity of the array. For each image,
the sky is projected onto the two dimensional plane using orthographic sine projec-
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tion. To reduce the number of w-planes needed during w-stacking, the phase center
is set to a location approximately 2◦ off zenith that minimizes the spread in the w
coordinate. The gridding operation is based on the Romein gridder implemented as
part of the EPIC project (Kent et al., 2019, Romein, 2012). Every 5 seconds, the
imager produces 4 Stokes (I, Q, U & V) images in 198 channels, each with 100 kHz
bandwidth. This will roughly produce 1 TB of images everyday and they are stored in
the local disk. The data with reduced spectral resolution (six 3.3 MHz channels) are
available at the LWA data archive (https://lda10g.alliance.unm.edu/Orville/).
For more information on the implementation and data formats of Orville, see Dowell
et al. (2020).

The left panel of Figure 4.1 shows the RMS noise of the images from the Orville
imager as a function of elevation angle at 40 MHz. The primary beam response
of a single LWA antenna has maximum sensitivity at zenith and decreases towards
the horizon. The Stokes I & V images have a maximum sensitivity near zenith and
decreases at lower elevation angles. The right panel of Figure 4.1 shows the RMS noise
of the images near zenith in Stokes I & V and how the noise changes after averaging
the images over 198 channels. The RMS noise is going down as the square-root of the
bandwidth for Stokes V. The decrease in noise for Stokes I as a function of number
of averaged channels together has some deviation from the theoretical curve. The
RMS noise near zenith for the integrated image over all channels in Stokes I is ∼2 Jy
and Stokes V is ∼1 Jy (1 Jy = 1 Jansky = 10−26 W m−2 Hz−1 ). The deviation from
the expected nature in Stokes I is probably due to minimum noise level hitting the
confusion limit noise around 2 Jy. The confusion limit is reached when the density of
sources becomes sufficiently high enough in a synthesized beam such that they cannot
be resolved. This arises due to limited angular resolution of the telescope. In Stokes
V, confusion limit should be lower by at least a factor 10 as most of the sources are
less than 10% polarized. Therefore, we do not observe a deviation in Stokes V. Also
a supplemental video (broadband-movie.mp4) demonstrates the difference between a
single channel images near the LASI operating frequency (38 MHz) and the combined
images over all channels between 30.137 MHz to 49.837 MHz.
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Figure 4.1: (Left) RMS noise as a function of elevation angle for the Stokes I & V
images. (Right) RMS noise of the images close to zenith as a function of number of
channels averaged together for Stokes I & V. The open circles denote the expected
theoretical noise as a function of number of channels averaged together for Stokes I
& V.

4.3

Transient Search Pipeline

The transient search pipeline is based on an image subtraction algorithm. In this
method, an average of the previous 4 to 6 images within the last 30 seconds is subtracted from a running image. This will give a clean subtracted image removing
the contribution from steady sources and the Galactic plane. Pixels with flux values greater than 6 times the standard deviation of the noise are marked as transient
candidates. This noise threshold varies as a function of the Galactic latitude. The
transient search pipeline for the narrowband imager/LASI is described in more detail in Varghese et al. (2019a). The existing pipeline for the narrowband imager was
modified to find transient sources from the new broadband images. The 198 channel
images for each integration from the Orville are averaged down to a single image in
four Stokes parameters. The pipeline collects these averaged images for an hour and
carry out a transient search in Stokes I and V on integration time scales of 5, 15 and
60 seconds. The transient search produces roughly 500–2000 transient candidates per
day in Stokes I.
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Most of the transient candidate events are false positives due to the scintillation of
cosmic radio sources caused by the plasma irregularities in the ionosphere. The ionosphere contains an inhomogenous magnetized plasma and density structures which
acts as a screen causing refraction and scattering of the incoming radio waves from
space. This results in rapid flux changes and position shifts of the observed sources
by a couple of degrees. More details on scintillation and how it affect the transient
search can be found in Varghese et al. (2019a). Two steps were carried out to reduce false positives due to scintillation in the pipeline. In the first step, we masked
all transient candidates within 3 degrees of VLA Low Frequency Sky Survey (VLSS;
Cohen et al. 2007, Lane et al. 2012) sources with flux density greater than 50 Jy
at 74 MHz. Scintillating sources have characteristic light curve patterns with rapid
fluctuations and peaks over the period of half an hour to a few hours. In that case
signal to noise ratio of a scintillating source from the light curve will be lower. In the
second step, light curves of the events over the duration of an hour was used to filter
out low signal to noise ratio events which includes most of the scintillating sources.
The next step of the pipeline filters out the narrowband RFI (radio frequency
interference) events such as reflections from meteors trails, narrowband transmitters,
etc., using a sliding median window filter technique. In this technique, we define a
window with 11 channels within the bandpass response of a source over 198 channels.
Then moving the window across the spectrum and calculating the median within the
sliding window will give a smooth bandpass model. The smooth bandpass model can
be subtracted from the observed response to find deviant channels greater than 3
sigma. The bad channels are flagged from the data and events with signal to noise
ratio less than 5 sigma in the subtracted images and light curves were filtered out as
narrow RFI events.
The final step of the pipeline removed slowly moving objects in the sky like airplanes. A single station of LWA detects several self emission and reflection events
from slowly moving objects like airplanes which move from horizon to horizon. Typically an airplane at 10 km altitude smears across 10–15 degrees in a single 5 second
image. Most of the MRAs observed by LWA are fast meteors with an average velocity

Chapter 4. Broadband Imaging of Meteor Radio Afterglows

75

of 50 km/s (Obenberger et al., 2014b). Even the slowest meteor with 12 km/s covers
at least 34 degrees in 5 seconds at 100 km elevation. The airplane filter method uses
a background image subtraction and mean shift of pixel position algorithm on the
images. This technique is widely used in detecting the motion of objects in static
cameras like traffic cameras. An average of all-sky images 2 minutes before and after
the transient detection will give a good background sky as steady sources remain almost stationary within that time duration. Also, bright sources like Cygnus A (Cyg
A), Cassiopeia A (Cas A), etc. are masked during background subtraction to avoid
finding steady source residuals within the search window. The background image is
subtracted from the starting image and initializes the position of transient source.
Then in the next image, the algorithm looks for sources greater than 5 sigma above
the mean within a search radius of 20 degrees. If there is a source within the radius,
the mean values for the azimuth and altitude of the new source is calculated and the
search window center is moved to the new position. This mean shift procedure is carried out within one minute time window of the event and it stops if the mean position
of a source is not changing. Finally, sources which change position in more than two
images are filtered out as slowly moving objects. The final list of transient candidates
after filtering the low SNR, narrow RFI and slowly moving sources decreases to less
than 20 events in Stokes I. Then the candidates are manually inspected to confirm
their nature.

4.4

Calibration of MRAs

The MRA events were calibrated using Cyg A. Scintillation of radio sources is very
intensive at low frequencies. During times of high scintillation, the ionosphere introduces frequency structures in the form of enhancements and dips in various regions of the bandpass spectrum of the calibrator source. A supplementary video
shows the effect of ionosphere on the Cas A radio source during scintillation high
(cas-scintillation-high.mp4) and quiet times (cas-scintillation-low.mp4). This variable, frequency-dependent structure results in a poor calibration of the MRA source.
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The MRAs are not significantly affected by scintillation as they occur in the lowest layers of the ionosphere at altitudes between 90-130 km. Therefore, in order to
perform a good calibration, it was necessary to find scintillation quiet times.

An existing, widely used scintillation index (S4; Fremouw et al. 1978), can be used
to study the ionospheric activity. The S4 index is usually measured using signal transmitting satellites and receivers on the ground. The receiver will measure the change
in phase and amplitude as the signal passes through the ionosphere. Malins et al.
(2018) used GPS satellites and receivers located at LWA-SV to study the time-varying
Faraday Rotation of radio sources caused by the ionosphere. These systems can be
used to calculate the scintillation index, but they operate at L band frequencies (1 to
2 GHz). The S4 index measured at high frequencies may not reflect the ionospheric
scintillation experienced by radio waves below 100 MHz. Also, a measurement close
to the calibrator (since the satellite orbit changes) is required to accurately model the
direction dependent propagation effects through the medium. Furthermore, S4 index
does not capture the frequency dependent effects as they operate at narrow frequency
ranges. This motivated us to develop a scintillation index using the source responses
from images which can define times at which scintillation is quiet and high.

The bandpass response of a calibrator source changes as a function of elevation as
the primary beam response of a single antenna varies with elevation. Even though the
calibrator response changes as a function of elevation, it effectively remains the same
as the source moves one degree in elevation in the sky. To calculate the scintillation
index, we collected the calibrator responses from a range of all-sky images as the
source covers one degree in elevation (approximately fives minutes). The individual
responses are divided by the median of the collected response over the particular
time window/elevation. Calculating the standard deviation of the individual divided
response gives an estimate of how much each response deviates from the median value.
We define the mean of the standard deviation calculated from the individual divided
responses to be the scintillation index for that time window. If Bi is the measured
bandpass response for each time integration within a time/elevation window and BM
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is the median value of the responses, then scintillation index can be written as
 

Bi
Scintillation Index = Mean SD
,
(4.1)
BM
where SD is the standard deviation. When the ionosphere is calm, the calibration
response should be fairly constant over that time scale. Then calculating the median
calibrator responses over time and dividing individual responses by the median should
ideally give a flat response at all times. This will give a scintillation index of zero.
After analyzing data on different days and calibrating known sources, we define the
scintillation quiet times when scintillation index is less than 0.04 and scintillation
high if it is greater than 0.04. Figure 4.2 shows the scintillation index measured on
February 9, 2020 with Cygnus A showing scintillation quiet and high times. The
plot shows high scintillation around 18 UTC (local noon). The flat line in the plot
denotes the boundary between scintillation quiet and high times. The variation in
the scintillation index is not fixed and can change on a daily basis depending on the
condition of the ionosphere. This method can be also used to study the state of the
ionosphere.
The average of the calibrator responses from scintillation quiet time was used
for the calibration of transient sources. For the calibration of MRAs, an average
of all-sky images 2 minutes before and after the peak of event was subtracted from
the peak image to get a good subtracted image. Then the peak position power
values were measured in each channel image to get the transient source response.
This transient source response at a particular elevation was divided by the averaged
calibrator response at the same elevation. The ratio of source response to calibrator
response was converted to Jy units using the flux density and spectral index of Cygnus
A from Baars et al. (1977a).

4.5

Broadband Spectra of MRAs

We collected the spectra of 86 MRAs (49 MRAs with 10 MHz bandwidth, and 10 s
integration and 37 MRAS with 20 MHz bandwidth and 5 s integration) and calibrated
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Figure 4.2: Scintillation index measured for Cygnus A on February 9, 2020 over
several hours. Flat line denotes the scintillation index boundary of 0.04, where below
the line is scintillation quiet and above the line is scintillation high.

them using Cyg A. The calibrated spectra were averaged over 200 kHz bandwidth
to improve the per-channel signal-to-noise ratio. The Orville imager in the first four
months of operation experienced some technical issues limiting it from achieving the
expected sensitivity with 10 MHz bandwidth. This has increased the noise per channel
for the MRAs before MJD 58740 which is also evident in the spectra. The calibrated
spectra were fitted with the power law (see Section 4.1) to derive the spectral index
values. The measured spectral indices of MRAs varied from -0.565 to -7.021. Figure
4.3 and 4.4 show the 86 MRA spectra fitted with power laws. The MJD date and
UTC time of the events are labelled in each subplot.
The missing data in some spectra are primarily due to occasional ADP server
failures (e.g. event from MJD 58700, 58702 in Figure 3) and flagging of the bad RFI
channels (e.g. event from MJD 58892 in Figure 4). Each ADP server is configured
to output 1.8 MHz data while running at 10 MHz bandwidth and 3.3 MHz of data
at 20 MHz bandwidth. The ADP failures resulted in the loss of data chunks from
certain channels which is evident in some spectra. Most of the MRAs follow a power
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law dependence on frequency having higher flux density at lower frequency. Most of
the spectra are smooth while some have wiggles through out. Some spectra even have
unexpected bumps which could be possibly due to leakage of bright narrow RFI into
nearby channels or could be intrinsic features of the spectra.

Figure 4.5 shows MRA events from MJD 58710 UTC 08:19, MJD 58727 06:12
and MJD 58739 07:33 with unusual spectral turnovers between 31 MHz and 35 MHz
which has not been observed before. Typically a radio source exhibits a spectral
turnover below which the emission flux decreases. This turnover frequency varies
from source to source depending on the emission mechanism. The spectra of events
are fitted with power law defined in Section 1 and a modified power law of the form,
α+β log 10( νν )

Sν = ( νν0 )

0

to properly account for the curvature of turnover spectra. This

modified power law fit on the spectra gave α = −4.994, β = −19.705, ν0 = 34.199
for the event from MJD 58710, α = −4.565, β = −263.776, ν0 = 35.66 for the event
from MJD 58727 and α = −9.388, β = −32.266, ν0 = 35.102 for the event from
MJD 58739.

The MRA on MJD 58710 is a 40% linearly polarized, 20% circularly polarized,
point source with a flux density of 3145 Jy and full width at half maximum (FWHM)
duration of 12 s. Similarly, the MRA from MJD 58739 is 27% linearly polarized,
36% circularly polarized, point source with a flux density of 1318 Jy and FWHM
duration of 12 s. Even though there is a difference in the brightness and polarization
levels, both MRAs have the same turnover frequency and FWHM suggesting that
they belong to the same class of sources. However, the event from 58727 06:12 is
an unpolarized point source with a flux density of 580 Jy and FWHM duration of
31 s. The altitudes are not available for these events and the reason for the spectral
turnover is not clear. It is possible that the ambient medium has caused a sudden
diffusion/absorption of the low frequency electrons. Further such events are required
to understand this phenomena.
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Statistical Analysis of MRAs

We conducted a statistical analysis to search for correlations between the properties
of collected MRAs. Figure 4.6 shows the distribution of the spectral index, UTC time
of occurrence, linear and circular polarization fraction and the average flux density
of MRAs. The top left panel of Figure 4.6 shows the histogram of the spectral index
distribution. The spectral index distribution peaks around –1.65 suggesting that the
majority of the spectra are not steep. The top right panel of Figure 4.6 shows the
UTC time of occurrence of MRAs peaking between 8 and 12 UTC. Meteors usually
have peak occurrence between 02.00 to 06.00 AM local time. The detection of MRAs
also peak during the same time interval showing a strong temporal correlation. The
bottom left panel of Figure 4.6 shows the histogram distribution of the linear and
circular polarization fraction measured for MRAs. The circular polarization fraction
peaks around 0.05 and linear polarization fraction peaks around 0.07. Some of the
events have higher linear polarization while most of the events have lower circular
polarization fraction. Previous work by Obenberger et al. (2015b) has measured high
amounts of broadband linear polarization in one of the beamformed observations
though such events are rare. The bottom right panel of Figure 4.6 shows the average
flux density measured for MRAs at a center frequency of 35 and 40 MHz, showing a
higher fraction of events towards the low flux density region. This measurement is
also in agreement with the flux density distribution from Obenberger et al. (2016a).
The Orville imager has been able to detect faint MRAs with a lowest measured flux
density of 41 Jy at 40 MHz.
Using the radio data we measured features like flux density, angular size, etc.
which have observational biases. Calculating the corresponding physical parameters
like luminosity, physical size, etc., requires distance information. Most of the MRAs
presented in this paper were observed only with LWA-SV and their distance information is not available. In order to calculate the altitude and distance of MRAs
observed from LWA-SV, we used the optical data from the Global Meteor Network
(https://globalmeteornetwork.org). Triangulation using azimuth and elevation
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of the MRA from LWA-SV and the corresponding optical meteor trajectory coordinates were used to find altitudes and distances for the events. Out of 86 events, the
optical data was only available for 28 events. The rest of the events occurred either
during the day or at times when the optical data were not available. Altitudes and
distances of 4 other MRAs were calculated using triangulation from the two LWA
stations. Most of the MRAs that occurred are not seen by LWA1 due to the lower
sensitivity of LASI or because LWA1 was not generating all-sky images. This resulted
in obtaining altitudes and distances for 32 MRAs only. Obenberger et al. (2016b)
measured a typical height of 100 km for MRAs and we used that value as the altitude
for events which did not have optical data or radio data from LWA1. For the analysis
presented in this paper, we calculated the average luminosity (product of average flux
density and distance squared), physical size (product of angular size from image and
distance), average energy (product of average luminosity and FWHM of the duration
peak), incidence angle (angle between the meteor trajectory and tangent to Earth’s
surface and calculated only for events with altitude information).
Figures 4.7 and 4.8 show the scatter plots comparing different features of MRAs
with their histogram on the sides. Figure 4.7 shows the plots of spectral index with
average energy, altitude, physical size, incidence angle and day in a year. In the
plot between spectral index and average energy, events with higher energy tend to be
flatter (|α| < 1). The plot of spectral index with physical size and incidence angle do
not show any obvious correlation. Also, spectral index tends to be flatter for events
with larger physical size. The histogram of physical size distribution peaks around
25 km. The plot between the spectral index and day in a year does not show any
seasonal correlation. The data from the middle of the year was not collected and only
a few events were collected at the end of the year.
The top left panel of Figure 4.8 shows the spectral index as a function of the day
observed and does not show any seasonal correlation. The data from the middle of
the year was not collected and only a few events were collected at the end of the year.
Plotting the average luminosity as function of day observed, however, suggest that the
events between July and September have higher luminosities compared to the events
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between January and April. At the same time, incidence angle and average luminosity
show a weak positive correlation. The events with higher incidence angle tend to be
brighter than lower incidence angle. This maybe related to how an incoming meteor
ablates upon entry in the atmosphere. The plot between the physical size and energy
shows positive correlation. Events with higher energy tend to have larger physical
size scales.

4.6.1

Principal Component Analysis (PCA)

Principal component analysis can be used to perform feature dimensionality reduction where the input data is projected on to a lower dimensional surface maximizing
the variance of the data. This helps to interpret the data without losing much information (see review by Jolliffe and Cadima (2016) and the references therein). In this
method, a set of possible correlated features are converted to a set of new orthogonal,
uncorrelated variables. These new variables are linear functions of the original features and are generated by maximizing the variance of the data. These new variables
are known as the principal components. Maximum variance of the data will be in the
first component and lesser in the successive components. Therefore, looking at the
first few components will help the user to visualise the high dimensional data set as
a lower dimensional projected data set. This is widely used in machine learning to
reduce data storage, speeding up learning algorithms and for the visualization of the
data. For this purpose, we used sklearn.decomposition.PCA from scikit-learn,
which is a machine learning tool in the (Pedregosa et al., 2011) Python module.
Using PCA, we can study the features causing maximum variance in the first few
components or how much of the data is explained by each component.
We used 11 measured features for the MRA analysis and they are (1) UTC hour
of occurrence in a day, (2) average luminosity, (3) average energy, (4) physical size,
(5) day in a year, (6) altitude, (7) incidence angle (8) linear polarization fraction,
(9) circular polarization fraction, (10) spectral index and (11) FWHM in time. Since
features like altitude and incidence angle were not available for all the events, PCA
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was done in two sets of data as it cannot handle missing values. In the first set (DS1),
86 MRAs without altitude and incidence angle was used for PCA. In the second set,
PCA was performed using 31 MRAs with altitude and incidence angle information
(DS2).
Before feeding the feature set to the PCA algorithm, all features were standardized
to zero mean and unit variance. The standardized data set was fed into the PCA
algorithm to obtain the principal components. The algorithm outputted principal
components as a linear combination of original feature set and the percentage of
variance calculated for each principal component.
Figure 4.9 shows the results of PCA from DS1. The left panel of Figure 4.9
shows the principal component vector where the color map denotes the contribution
of each feature to the principal components. For visualization, component vectors
are standardized (zero mean and unit variance). The absolute values of vectors are
multiplied by the variance explained by each component. In the first component,
luminosity, energy, day and FWHM causes maximum variation. The second and
third principal components suggests that the linear polarization, physical size and
spectral index also contribute to the variance. The right panel of Figure 4.9 shows
the cumulative variance as a function of principal components. The first 4 components
explain the 70% of the data. Variance is maximum for the first component (∼29%)
and decreases for successive components.
Figure 4.10 shows the PCA biplot from DS1 with the first two principal components and feature vectors in the principal component space. The scatter plot has
the first two principal components explaining roughly 47% variance of the data. The
arrows in the plot represent the feature vector in the principal component space. The
projection of the vector explains the contribution of features towards each components. This plot can be used to understand the correlation between different features.
The cosine of the angle between the feature vectors is proportional to the correlation
coefficient between the features (Jolliffe and Cadima, 2016). Smaller the angle between two features, greater the positive correlation between features. An angle of 180
degrees implies a negative correlation between the features. The length of the vector
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is proportional to the contribution of each feature to the principal components.
From Figure 4.10, there is a positive correlation between energy and FWHM and
between luminosity and day in a year. Also, there is a weak correlation between
spectral index and physical size as well as a negative correlation between the spectral
index and linear polarization fraction. The spectral index does not show any strong
correlation with other features like FWHM, energy, luminosity and day in a year.
Figure 4.11 shows the results of PCA from DS2. The left panel of Figure 4.11
shows the contribution of each feature to the principal components. In the first
component, hour, luminosity, energy, day, incidence angle and FWHM causes the
maximum variation. The second and third principal components suggests that the
circular polarization and physical size also contribute to the variance. From the right
panel of Figure 4.11, the first 4 components explain the 75% of the data. Variance is
maximum for the first component (∼33%) and decreases for successive components.
Figure 4.12 shows the PCA biplot from DS2 with the first two principal components and feature vectors in the principal component space. The scatter plot has the
first two principal components explaining roughly 52% variance of the data. Figure
4.12 shows positive correlation between energy, luminosity and altitude. Also, there
is a positive correlation between FWHM, day in a year, incidence angle and the hour
of occurrence. The spectral index does not show any strong correlation with other
features.

4.7

Conclusions

In this work, we presented the spectra of 86 MRAs using the new broadband imager for LWA-SV and conducted a statistical analysis of the measured features for
each event. The measured spectra are mostly smooth and follow a power law with
frequency getting brighter at lower frequencies within the observed frequency range.
The spectral index distribution of the MRAs peaked at –1.65. This value is much
flatter than the previous spectral index measurements by Obenberger et al. (2015b,
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2016a). This could be possibly due to two reasons, either the collected MRAs were
steep or the lack of astrophysical calibration could have introduced an error in the
spectral curvature. Also, this value is much flatter than the –3.7 spectral index upper
limit reported by (Zhang et al., 2018). With an average spectral index value of –1.65,
MWA should have detected many MRAs in their frequency range. But the survey
conducted by Zhang et al. (2018) did not detect any MRAs at higher frequencies
between 72–103 MHz. This suggest that the power law approximation for the spectra
of MRAs do not extend out to frequencies higher than 60 MHz. Also, this indicates
a frequency cutoff at frequencies higher than 60 MHz for the MRA emission.
The UTC hour of occurrence of MRAs peaks between 8–12 UTC or 2–6 am local
time at which meteors peak confirming that the detected sources are MRAs. At the
same time, the measured luminosities of MRAs show some seasonal correlation having
higher luminosities towards the end of the year. The distribution of the polarization
fraction and flux density are in agreement with the previous observations (Obenberger et al., 2014b, Obenberger et al., 2016a). The spectra of three MRAs exhibit a
spectral turnover near 33 MHz which has not been observed before. We find that the
physical size scale of emission from MRAs peaks at 27 km. Results from the principal
component analysis shows weak correlations between the measured features and the
reasons for the correlation are not clear. This work updates the measured spectral
parameters of MRAs using a large sample population. In the future, developing a
theoretical emission model of MRAs and comparing it with the observations will help
to test different hypothesis and understand the emission mechanism.
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Figure 4.3: The log-log plots of MRA spectra fitted with the power law. Each subplot
data is labelled with the MJD day and UTC hour at the time of occurrence. The
frequency axis goes from 30-50 MHz
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Figure 4.6: Histogram showing the distribution of spectral index, time of MRAs in
UTC, polarization fraction and average flux density of MRAs.
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Figure 4.7: Scatter plots with histograms on the sides showing the comparison between spectral index and different measured properties of MRAs.
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Figure 4.8: Scatter plots with histograms on the sides showing the comparison between the different measured features of MRAs.
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Figure 4.9: Left plot shows the color map between principal components from the
PCA analysis with features in DS1. The features on y axis are H : hour of occurrence,
Lum : average luminosity, Energy : average energy, Size : physical size, day : day in
a year, L Pol : linear polarization fraction, C Pol : circular polarization fraction, SI :
spectral index, FWHM : full width at half maximum duration of the event. Right plot
shows the cumulative variance as a function of the number of principal components.
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Figure 4.10: Biplot from the PCA on DS1 showing the first two principal components
and how each feature affect the components. The arrow denotes the feature vector in
the principal component space.
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Figure 4.11: Left plot shows the color map between principal components from the
PCA analysis with features in DS2. The features on y axis are H : hour of occurrence,
Lum : average luminosity, Energy : average energy, Size : physical size, day : day
in a year, Alt : Altitude, IA : incidence angle, L Pol : linear polarization fraction,
C Pol : circular polarization fraction, SI : spectral index, FWHM : full width at
half maximum duration of the event. Right plot shows the cumulative variance as a
function of the number of principal components.
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Chapter 5
High Resolution Observations of
Radio Transients
with OVRO-LWA

The contents of this chapter are the part of an ongoing project.
We are conducting transient searches with the data collected from the Owens Valley Radio Observatory LWA (OVRO-LWA) during the Perseid meteor shower in 2018.
The collected data is calibrated and imaged to obtain high angular resolution observations of the sky. The high resolution all-sky images produced are send to the transient
search pipeline to find cosmic transients and meteor radio afterglows (MRAs). The
search has resulted in the detection of the first higher angular resolution observation
of an MRA. Further work is still in progress.

5.1

Introduction

Transient searches below 100 MHz using the all-sky imaging capabilities of the Long
Wavelength Array (LWA), have resulted in the detection of meteor radio afterglows
(MRAs) and a cosmic transient source (Obenberger et al., 2014b, Varghese et al.,
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2019a) (see also Chapters 2, 3 & 4). The LWA has 256 dipole antennas arranged in
an ellipse with maximum diameter of 110 m that produces good coverage of the sky
on short time scales. This makes LWA ideal for making snapshot images (5 seconds
duration) of the sky with minimal side lobes from bright sources. Continuous all-sky
imaging over the past several years has developed our understanding of the transient
sky below 100 MHz. One of the downsides of using a single LWA station for imaging
is the limited angular resolution which prevents precise localization of radio sources
in the sky and limits our ability to resolve their structure. Also, limited angular
resolution increases the confusion noise of the image.
In radio interferometry, the angular resolution of a telescope at a given wavelength is inversely proportional to the maximum separation between two antennas
(maximum baseline). The longer the maximum baseline, the better the resolution of
the telescope. The LWA radio telescope located in New Mexico has baseline lengths
up to 110 m which limits the angular resolution to 7 degrees at 30 MHz. At the
same time, Owens Valley Radio Observatory LWA (OVRO-LWA) telescope located
in California utilizes the LWA antennas and operates within the frequency range of
LWA. The array has a different configuration with a maximum baseline length up to
1.5 km achieving 28 arcminute angular resolution at 30 MHz. This provides higher
angular resolution observations of the sky. However, the differences in the data capture and processing pipelines limits OVRO-LWA from continuous all-sky monitoring
for transient sources. Instead, data collected in campaigns over a few days are used
for transient searches which takes many months to complete.
The first OVRO-LWA transient survey conducted by Anderson et al. (2019) utilized 31 hours of all-sky images. The survey did not detect any cosmic or atmospheric
transients on time scales of 13 s, 39 s, 2 minutes and 6 minutes. The cosmic transient detection by Varghese et al. (2019a) utilized 10,240 hours of all-sky images from
the two LWA stations (LWA1 & LWA-SV). Obenberger et al. (2014b) reported an
average detection of 60 MRAs per year where most of the events peak during the
time of meteor showers. The 31 hour transient search time scale with OVRO-LWA
is very shorter compared to the LWA transient search timescales for the detection of
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cosmic transients and MRAs. Also, the 31 hour survey conducted on 17 - 18 February
2017 did not coincide with any of the known meteor showers (Anderson et al., 2019).
The shorter time scales searches and date of observations far away from any known
meteor shower could have been the reasons OVRO-LWA did not detect any MRAs
which are frequently observed by the LWA stations in New Mexico. Also, aggressive
RFI flagging in these earlier OVRO-LWA searches might have masked times when
meteor scatter appeared, even though MRA emission could have been present.
MRAs were first detected in 2014 by Obenberger et al. (2014b) using LWA1. The
non-thermal, unpolarized, broadband emission between 20-60 MHz is associated with
persistent trains from bright meteors (Obenberger et al., 2014b, Obenberger et al.,
2015a,b, Obenberger et al., 2020, Varghese et al., 2020). A recent study using two
stations of the LWA revealed the isotropic radiation pattern of MRAs (Varghese et al.,
2019b). This suggested two possible scenarios. First is an incoherent emission from
large scale regions in the plasma trail and second is the incoherent sum of coherenty
emitting regions within the meteor plasma. Therefore, in order to probe the emission
size scale regions of MRAs, high resolution observations are necessary.
In this work, we have used 4 days of data collected from OVRO-LWA during the
Perseids meteor shower in 2018. The data is searched for high resolution observation
of MRAs and cosmic transients sources with more focus on finding bright MRAs.

5.2

Observations

The OVRO-LWA radio telescope operates between 27-84 MHz. The stage II of the
array has 251 dipole antennas within the 200 m core and 32 antennas spread across
the NW direction of the core with maximum baseline lengths up to 1.5 km. For this
work, the data was collected in 4 subbands, 30.0 - 32.6 MHz, 35.2 - 37.8 MHz, 40.4 43.0 MHz & 45.6 - 48.2 MHz. Each subband has a bandwidth of 2.6 MHz providing
a total 10.4 MHz bandwidth measurement between 30-50 MHz frequency range. The
data was collected during the peak of Perseid meteor shower on 10, 11, 15 & 16 Aug,
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2018. Due to the technical difficulties, the telescope could not observe from Aug 11,
UTC 19:00 to Aug 15, UTC 21:00 resulting in a total of 69 hours of observation
across 4 days. The voltages collected from the dipoles are sent to the Large-Aperture
Experiment to Detect the Dark Age (LEDA) correlator (Kocz et al., 2015), where the
signals are cross correlated and integrated down to 13 s complex visibility data sets.
The raw visibility data sets for each 13 s are later converted to a Common Astronomy
Software Applications (CASA; McMullin et al. 2007) measurement set format.

5.3

Data Reduction

The calibration and imaging of the measurement sets were carried out using CASA.
In the initial step of pre-processing, bad antennas, baselines and channels were flagged
using the flagdata task in CASA. This step removed the 20% of bad antennas with
signal loss or distortion and 1% of baselines to reduce effects of cross-coupling from
adjacent signal pathways. The next step involves bandpass calibration of the data
as described by Anderson et al. (2019) using a simplified two point source model.
This model consists of two bright sources, the radio galaxy Cygnus A (Cyg A) and
the supernova remnant Cassiopeia A (Cas A) with their flux densities and spectral
indices adopted from Baars et al. (1977b). The CASA bandpass task was used to
derive antenna gains per channel using the two point source models. In order to
to reduce the effects of diffuse galactic emission, solutions were derived using only
baselines longer than 15 λ. The bandpass calibration for a day is derived using a
single measurement set at the time when Cyg A transits through the highest elevation
in the sky. The derived calibration is generally stable for 24 hours and is applied to
the rest of data set (for more details, see Anderson et al. 2019).
The imaging of the data was conducted in two methods based on the focus of the
transient search. In the first method, we used all the baselines to achieve maximum
angular resolution and this method is best for finding cosmic transients. But the
higher angular resolution images after bandpass calibration were affected by sidelobes
from bright sources below 100 MHz such as Cyg A, Cas A, Tau A & Vir A. These
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sources are historically referred to as the A-team. They have high flux density and
they are named on the basis of the constellation of the source followed by the letter
‘A’. The strong sidelobes from the A-team sources are primarily caused by mutual
coupling between nearby antennas and the resultant variation in the beam pattern of
individual dipole antennas (Anderson et al., 2019). In order to mitigate this effect,
peeling of the bright sources are implemented using CASA (see Williams et al. 2019).
In simple terms, we conduct a direction dependent calibration towards each bright
source (in the order of brightness) in an image using their point source models, then
subtract the model from the visibility data. This will remove the bright source flux
and the associated sidelobes increasing the signal to noise ratio (SNR) of the image.

We peel the A-team sources when they are above the horizon and their peak flux
density is greater than 2000 Jy. The sidelobes of sources with flux density less than
2000 Jy are weak and they do not negatively affect the SNR of the image. After
the bandpass calibration, a primary imaging with CASA clean task is carried out
with 4096 × 4096 image size, 1.875 arcmin pixel size and Briggs weighting with zero
robust value. The peak flux density values of each A-team sources as well as their
elevation are measured from the image. Then depending on the peak flux density and
elevation of sources, peeling is carried out in the order of source brightness. Peeling
starts with inserting model visibilities of the source into the measurement set using
task ft. Phase and amplitude calibration solutions towards the source direction are
derived using task gaincal. The derived solutions are applied to the measurement
set using task applycal. The next step is to subtract the model visilbilities from the
corrected data using task uvsub and reverting the source specific calibration already
applied. This procedure is repeated for each sources in the order of their brightness.
After peeling is completed, the measurement sets are imaged again with task clean
to obtain an integrated all-sky image over frequency channels in Stokes I. Figure
5.1 shows the difference in all-sky images before and after peeling. The image after
peeling has minimized sidelobe pattern from the bright sources Cyg A and Cas A
compared to the images before peeling. There is still some residual flux left from
bright sources after the model subtraction. The RMS noise of the image after peeling
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has decreased by a factor of 2.
In the second imaging method, we used the core array for imaging with limited
angular resolution. This method is best for finding near-field sources such as MRAs.
Also, peeling of sources are not required as the confusion noise is very higher compared
to the noise pattern introduced by the sidelobes of A-team sources in the image. Most
of the radio telescopes focus to infinity and the correlator assume that the incoming
waves are plane waves. But for a baseline with a length of 1.5 km, this approximation
will not hold when the source is at near-field (e.g. MRAs at 100 km distance). At
the same time, the near-field complications can be avoided by using the core array
with a maximum baseline 200 m (for more details on near-field complications, see
Obenberger et al. 2016a). These images can be searched for MRAs. Once we find
an MRA, then high angular resolution imaging can be carried out to study the small
scale emission regions associated with the source.
Due to computational limitations, we only imaged the first subband (30.0 - 32.6
MHz) of the data. Technically, if we find an interesting broadband source in one
subband, then the rest of the subband data can be imaged to get a higher SNR image. The correlator produced roughly 6646 measurement sets for a day and imaging
them sequentially require timescales of weeks. In order to carry out faster imaging,
we utilized the High Performance Computing (HPC) facility at the Center for Advanced Research Computing (CARC), University of New Mexico. The HPC tool,
GNU Parallel software (Tange, 2011) along with CASA was used to parallellize the
calibration and imaging of the measurement sets. After calibration and imaging, the
images produced in an hour is converted to a Hierarchical Data Format (HDF5) file.
The HDF5 files produced in a day are sent to the transient search pipeline.

5.4

Transient Search Pipeline

The all-sky images produced in a day are input to the transient search pipeline for
finding transient sources. The transient seach is conducted on the timescales of 13,
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26 & 65 s. Here, we have used a similar transient search pipeline as that discussed in
Obenberger et al. (2014b), Obenberger et al. (2015a), Varghese et al. (2019a,b) and
Varghese et al. (2020). The pipeline uses an image subtraction algorithm in which an
average of previous images within the last 30 seconds is subtracted from a running
image and pixel regions greater than 6 sigma flux detection are marked as transients
candidates. Bright sources as well as the sky below 25 degrees elevation were masked
in order to reduce false positives from horizon RFI and scintillation of bright sources
caused by the ionosphere. Even after peeling of bright radio sources in the high
resolution images, they were affected by a bright RFI source from the North-West
side of the horizon. This would introduce artifacts into the image and they will appear
as a transient source during image subtraction. The right ascension, declination and
the time of each event from the subtracted images (low resolution and high resolution)
were output as a transient list. These events are sent to a python script which can
filter out low SNR events from their light curves. Once a real transient source is
found, channelized imaging is conducted to rule out narrow RFI sources. Also, slowly
moving objects like airplanes are filtered out by visual inspection of the movies made
from the all-sky images at the time of transient source.

5.5

Results

The transient search was conducted using the low resolution and high resolution
images. In the initial stage of the data analysis using the low resolution images, we
have identified an elongated MRA event which ocurred on MJD 58340 UTC 20:49.
Figure 5.2 shows the light curve of the MRA with high SNR and a duration of 39
seconds. Figure 5.3 shows the spectrum of MRA between 30-50 MHz. The spectrum
is smooth, steep and follows power law dependence on frequency. The gaps in the
spectra are due to the 2.6 MHz separation between the observed subbands. The
power law fit measured a spectral index of -5.291 which falls within the range of MRA
spectral indices measured by Varghese et al. (2020). The smooth, broadband, power
law spectrum also rules out the cases of any artificial sources. Figure 5.4 shows the
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detected MRA in low resolution image (using the core array) and the high resolution
image (using all baselines). The images are integrated over the duration of MRA.
The MRA has an elongated source structure in both the images. Figure 5.5 show
the comparison of MRAs between the low resolution and high resolution images with
an enlarged view. The MRA in the high resolution image are not corrected for the
near-field complications. Even without applying the near-field correction, the MRA
in the high resolution image is clearly resolved compared to the low resolution image.
It is difficult to get an estimate of the size of the emission regions without applying
the correction. The next step would be to apply the near-field correction for the MRA
before carrying out the high resolution imaging. This will help to understand the size
scale of the MRA emission regions and the possible emission mechanism scenarios.

5.6

Conclusions and Future Work

In this work, we are conducting transient searches with the OVRO-LWA data collected
during the Perseids meteor shower in 2018. The collected data is used to study high
resolution observations of MRAs and cosmic transients. We have calibrated and
imaged the collected data. The all-sky images produced using the core array and
all the baselines are used for transient search analysis described in Obenberger et al.
(2014b), Obenberger et al. (2015a), Varghese et al. (2019a,b, 2020). The transient
search so far has identified an elongated MRA on MJD 58340 UTC 20:49. This is
the first detection of MRA outside New Mexico as well as the first higher angular
resolution observation of an MRA. Further work is required to probe the emission
size scales of MRAs and understand the emission mechanism. The transient search
is in progress to identify more MRAs and cosmic transients from the data.
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Figure 5.1: (Top) shows the image of the sky before peeling showing strong sidelobes
from bright sources Cas A (top bright) and Cyg A (bottom bright). (Bottom) shows
the image of the sky after peeling with minimized sidelobe patterns from the images.
Both images are plotted within the flux density range of the image after peeling for
easy comparison. The sources in the image before peeling are 10 times brighter than
the sources in the peeled image. The color bar shows the intensity of pixels in units
of Jy/beam
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Figure 5.2: The light curve of the MRA from MJD 58340 UTC 20:49. The y axis
shows the measured power in arbitrary units and the x axis shows the time in units
of image integrations. Each integrated image is 13 seconds duration and one hour of
data has roughly 268 image integrations.
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Figure 5.3: The spectrum of the MRA from MJD 58340 UTC 20:49 fitted with a
power law. The spectral index value from the power law fit is shown.
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Figure 5.4: (Top) shows the low resolution image of MRA integrated over the duration
of the event. The bright elongated event is visible at the top middle region of the
image. The image has 256 × 256 pixels and each pixel subtends 30 arcminutes on
the sky. (Bottom) shows the high resolution image of the MRA integrated over the
duration of the event. The image has 4096 × 4096 pixels and each pixel subtends
1.875 arcminutes on the sky. The sky below 25 degrees from the horizon is masked
in both the images. The color bar shows the intensity of pixels in units of Jy/beam.
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Figure 5.5: (Left) shows the region of MRA in the low resolution image integrated
over the duration of the event. (Right) shows the region of MRA in the high resolution
image integrated over the duration of the event. The near-field corrections are not
applied in the high resolution image. The color bar shows the intensity of pixels in
units of Jy/beam.
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Chapter 6
Conclusions and Future Work

6.1

Summary of the chapters

The chapters presented in this dissertation have focused on studying radio transients
below 100 MHz using the all-sky imaging capabilities of two LWA stations in New
Mexico and the OVRO-LWA station in California. This research was initiated to conduct follow-up observations and to characterize the meteor radio afterglow emission
discovered in 2014 using the LWA1 station.
The radio transient sky was constantly monitored using the narrowband imager
in both LWA stations to search for cosmic transients and local atmospheric transients
(MRAs). Chapter 2 discusses the detection of a new type of cosmic transient source
at 34 MHz through continuous all-sky monitoring over the last three years. The event
was detected on October 18, 2017 8:47 UTC after analyzing 10,240 hours of all-sky
images from both stations. The detected transient had a flux density of 830 Jy and
a duration of 15-20 seconds in both stations. The Pan-STARRS optical telescope
detected a supernova that occurred on the edge of the position error circle of the
transient on the same day. The source did not repeat and it did not have any obvious
high energy counterparts. No similar events have been found except the LOFAR
transient detected in 2016 by Stewart et al. The origin of this transient remains a
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mystery.
Along with cosmic transients, we also monitor local atmospheric transients like
MRAs. Fast and bright meteors entering the Earth’s atmosphere produce long plasma
trails and we observe radio emission from these trails at plasma frequencies. Chapter
3 reports the detection of co-observed MRAs in both LWA stations and how they
were used to study the radiation pattern of MRAs. A sample of 32 co-observed
MRAs detected in both stations was used for this study. The luminosity of the
MRAs in each station was estimated using the flux–distance relation for an isotropic
source. The measured luminosity of MRAs in two stations revealed that they follow
an isotropic radiation pattern. This study suggested that the emission mechanism of
MRAs is either completely incoherent or an incoherent addition of coherently emitting
small regions within the meteor trail. At the same time, this study also differentiates
between radio emission from meteors and the well studied reflection events from
meteors.
Chapter 4 describes the new Orville broadband imager at LWA-SV and recent efforts to characterize the broadband spectral measurements of MRAs. The broadband
imager can produce all-sky images every 5 seconds with a bandwidth of 20 MHz. The
broadband images were constantly monitored to find cosmic transients and MRAs.
This has resulted in the detection of 86 MRAs over a period of one year. The broadband images are used to the collect the spectra of MRAs and to understand their
emission mechanism. The spectral index distribution of 86 MRAs is peaked at –1.65
which is flatter than the previous observations by Obenberger et al. (2015b, 2016a).
This increases the probability to observe MRAs with other radio telescopes such as
MWA at higher frequencies. The study also reported spectral turnover around 31 MHz
for 2 events and turnover around 35 MHz for one event. The search measured MRAs
with flux densities down to 50 Jy. We conducted a statistical analysis to understand
the correlation between the spectral parameters and measured physical properties of
MRAs like luminosity, duration, elevation, etc. We do not observe strong correlation
between spectral parameters and different measured features of MRAs. However, we
observe weak correlation between spectral index and average energy in which higher
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energy events tends to be flatter. We also observe weak correlation between different
measured features of MRAs and the reason for the correlation is not clear.
Chapter 5 talks about studying meteor radio afterglows and cosmic transients
at high angular resolution using OVRO-LWA. The array has a maximum baseline
length up to 1.5 km which can provide a factor of 15 times higher angular resolution
observations compared to LWA. The high resolution observations of MRAs will help
to understand the physical size of the plasma structures causing radio emission. In
this work, we have conducted the calibration and imaging of the data to detect meteor
radio afterglows and cosmic transients. The high performance computing tools along
with CASA are used to parallelize the calibration and imaging. The ongoing transient
search has resulted in the detection of the first higher angular resolution observation
of an MRA.

6.2
6.2.1

Future Work
Transient Searches through Imaging

The broadband imager at LWA-SV can go down to a RMS noise of 2 Jy in Stokes I
and 1 Jy Stokes V in 5 seconds. This is a huge improvement in terms of sensitivity
compared to the narrowband imager that has been operating for the past 8 years
with a sensitivity of 41 Jy at zenith for Stokes I. The imager has not been explored
well enough in terms of timescales searching for cosmic transients. An interesting
class of astrophysical sources to probe with the imager would be radio emission from
exoplanets and flare stars. Radio emission from nearby exoplanets and stellar flares
would not undergo much dispersion while travelling through the ionized plasma in
the interstellar medium. Also, the radio emission from exoplanets are expected to be
highly circularly polarized. Therefore, short duration images produced by the LWA
at Stokes I & V can be used to search for radio emission from these sources. The radio
emission from exoplanets can put a constraint on the magnetic field associated with
the planet. This will be able to provide some insights into the interior composition
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and habitability of the planetary system. Similarly flare stars have been detected
with high amounts of circular polarization. The search for these systems can be
either conducted through a blind survey or targeted searches by tracking them in the
image plane. The Stokes V images are less dominated by Galactic plane and bright
sources. Both methods have good chances of exoplanet detection with the broadband
imager.
The transient searches conducted with the LWA in the image plane so far have
searched for variability on timescales up to a minute. The continuous image subtraction is only viable for short durations as the sky rotates on longer timescales and the
phase center of the images will be pointing to a different right ascension and declination. Transient searches on day timescale variability can be achieved through Local
Sidereal Time (LST) subtraction. The same sky can be observed at the same LST
time on different days. Images stacked as a function of LST time from different days
can be used to carry out transient searches on the timescale of several days. One
of the challenges of this method would be addressing the changes in the gain of the
telescope due to varying outside temperatures. This requires observations of the sky
over several days/months to build a model accounting for the variations and using
that for the subtraction.
Most of the galactic and extragalactic transient signals would be dispersed as they
travel through the interstellar medium and this effect is stronger at low frequencies.
The recent detection of fast radio bursts is an example of an extra galactic source
with high dispersion measure. Detecting such sources requires correcting for the dispersion effect known as dedispersion. Dedispersion can be performed on channelized
broadband images. In order to do that, we have to track the position of a source over
time as they move across the primary beam. This will give us a dynamic spectrum
of the source in the frequency–time domain. The next step would be to correct for
the instrumental responses and conduct incoherent dedispersion over a range of dispersion measure (DM) values for unknown sources (blind searches) or a unique DM
for a known source.
Conducting incoherent dedispersion on a large number of pixels in an image is
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computationally expensive. At the same time, the incoherent dispersion will lead to
detection only if the source emission timescales is on the order of seconds (in the
case of LWA with 5 s images). Sources like fast radio bursts emit millisecond pulses
and detection of such source require imaging and dedespersion of the radio sky at
millisecond time scales. These pulses will get averaged out over the 5 s timescales with
LWA. The new E-field Parallel Imaging Correlator (EPIC) being tested at the LWASV is a very promising technique which can image the whole sky at 50 milliseconds
duration (Kent et al., 2019). Imaging at such time scales can study fast transients in
the image domain. This would provide an excellent opportunity to study sources like
fast radio bursts or other unknown fast transient sources.

One of the key capabilities LWA lacks in transient searches is higher (arc minute)
angular resolution. OVRO-LWA can provide higher angular resolution of the sky
as discussed in Chapter 5. However, the data calibration and imaging is computationally intensive and time consuming. Therefore, it is difficult to conduct transient
monitoring on a daily basis. In future, developing new software and techniques would
make it a good instrument to carry out daily transient searches. In that case, LWA1,
LWA-SV and OVRO-LWA can observe the sky simultaneously for finding transients.
The simultaneous observation by LWA1 and LWA-SV separated by 75 km can filter out all the foreground sources below 1400 km heights in the sky. Along with
that OVRO-LWA separated 800 km from LWA1 and LWA-SV will be able to filter
out all the known artificial transmitters including geostationary satellites and also
the scintillation of radio sources caused by the ionosphere. If a source is detected
simultaneously in all the stations, then it definitely has to be a cosmic source and
OVRO-LWA will be able to provide arcminute localization of the transient source.
The transient candidates from the OVRO-LWA data presented in the Chapter 5, will
be compared with LWA1 and LWA-SV to identify interesting sources.
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Transient Classification

Finding and classifying sources as cosmic and local atmospheric transients on a daily
basis requires manual inspection and is a tedious process. More importantly, terabytes
of data produced on a daily basis introduce storage issues. The best way to handle the
problem would be by automating the classification of transient sources using machine
learning algorithms. In that way, the data for the real events can be saved and the
rest can be discarded. At the same time, we can use this information to send out LWA
triggers which other radio telescopes can follow up at high frequencies. In practice it
can be done by extracting features from light curves, calibrated spectra and images
of the transient source and training the machine learning algorithms. In order to
get accurate results from any learning algorithm, we need to have large samples of
training sets. In our case, we have large number of samples for MRAs and scintillation
of radio sources but just one example for the cosmic transient reported in Chapter
2. In theory, we could simulate expected properties of cosmic transients for training.
Finally, different classification algorithms can be used to test their accuracy and recall
and use the best classifier for automation.

6.2.3

MRAs and Ionosphere

High resolution observations of MRAs with OVRO-LWA will give us some insight
into physical size scales of the meteor plasma and the type of emission mechanism
associated with it. Large scale plasma structures would act as an incoherent emitter.
At the same time, resolved plasma structures within the meteor trail might indicate
a coherent emission mechanism.
A combined study of MRAs using the broadband imager and digisondes will help
to determine the electron density at various heights of MRAs. This will explain the
role of ionospheric plasma density in the formation of MRAs.
MRAs are spatially and temporally correlated with Persistent Trains (PTs) seen
in the optical (see Chapter 4). For the study presented in Chapter 4, we identified 5
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PTs associated with 5 MRAs. However, the quality of the optical camera used was
not sufficient to make a detailed comparison with the radio measurements. In the
future, continuous monitoring of PTs with optical cameras and spectral measurements
with the broadband imager will help to compare the spectra of MRAs with optical
magnitude and features of PTs. This could provide insight into the nature of MRAs
and PTs.
Scintillation caused by the plasma irregularities in the ionosphere is a source of
false transients below 100 MHz. Chapter 4 discusses the scintillation index calculated through the spectral measurements of Cas A and Cyg A sources. These radio
measurements can be complemented by measuring the total electron content using
GPS satellites closer to the radio source or measuring the plasma frequency of the
ionosphere using digisondes. This could provide a correlation between the ionospheric
fluctuations measured by LWA and other ionospheric instruments. If there is a clear
correlation, that would be helpful for eliminating scintillating sources for future LWA
observations of transients.
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